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PREFACE 


When  I  was  lecturing  on  Chemistry  in  Amsterdam, 
especially  for  medical  students^  I  had  a  double  purpose 
in  view :  on  the  one  side,  to  develop  the  systematics  of 
the  subject  moderately  fully,  and  entirely  on  an  experi- 
mental basis,  and  to  show  how  the  fundamental  laws  of 
Chemistry  are  arrived  at  from  this  groundwork  of  facts. 
Each  of  my  chapters  was  therefore  double ;  to  one  part 
fell  the  consideration  of  certain  elements,  to  the  other 
that  of  the  conclusions  obtained. 

I  began  with  '  matter  from  the  qualitative  point  of 
view ' ;  water,  oxygen,  hydrogen,  air,  and  nitrogen  sup- 
plied the  material ;  then  came  the  concepts-,  compound, 
mixture,  element,  and  the  whole  table  of  atoms.  The 
halogens  constituted  the  material  of  the  next  chapter,  in 
which  the  laws  of  mass  were  introduced,  and  so  it  went 
on  through  the  session. 

That  had  its  advantages,  but  a  book  was  wanting. 
For  the  systematic  part  there  were  plenty  to  hand,  but 
for  the  theoretical  hardly  one,  till  the  welcome  help  of 
this  little  book  of  van  Deventer,  which  is  now  appearing 
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in  German.  The  author  has  attended  my  lectures, 
worked  with  me  in  the  laboratory,  and  proceeded  further 
on  his  own  account ;  conducted  practical  classes  for 
medical  students,  and,  moreover,  in  private  hours,  carried 
relief  to  the  suffering"  portion  of  the  medical  studentry. 

But,  from  a  more  general  point  of  view,  the  author  is 
much  to  be  thanked  for  having  set  himself  the  task  of 
explaining  Physical  or  General  Chemistry,  after  his 
fashion,  to  students  of  Medicine,  Pharmacy,  and  Chemis- 
try, without  putting  their  physical  and  mathematical 
accomplishments  to  too  severe  a  proof.  The  subject 
treated  of  is  one  which  has  shown  itself  in  the  last  few 
years  remarkably  fruitful  ;  Physical  Chemistry  has 
appeared  in  the  modern  world  with  a  journal  of  its  own, 
and  from  it,  in  conclusion,  we  will  quote  a  favouring 
sentence  addressed  to  the  Old  World : 

'  The  immediately  impending  development  of  all  the 
sciences  in  which  Chemistry  plays  a  part,  from  Geology 
to  Physiology,  the  entire  chemical  technics  included, 
may  perhaps  be  more  clearly  seen  at  the  present  moment 
than  at  any  earlier  time ;  they  will  all  suffer  a  funda- 
mental reformation  by  the  application  of  the  results  in 
General  Chemistry,  won  in  recent  times.' 


J.  H.  VAN  'T  HOFF. 


AUTHOR'S  PREFACE 


In  this  small  work  the  author  has  striven  to  arrange 
the  leading  results  of  Physical  Chemistr}'-  in  such  a  way 
that  this  important  branch  of  modern  Chemistry  should 
be  accessible  to  those  who  have  not  carried  out  advanced 
studies  in  Mathematics  and  Physics.  The  work  is  thus 
intended  to  meet  the  needs  of  students  of  Medicine  and 
Pharmacy,  as  well  as  of  chemists. 

The  book  is  a  translation  from  the  Dutch.  The 
author  is  glad  to  acknowledge  the  help  of  Mr.  F.  Levi- 
ticus, teacher  of  the  German  language  and  literature  in 
Amsterdam,  who  took  part  in  the  translation. 

The  author  has  also  to  express  his  best  thanks  to 
Mr.  J.  J.  van  Laar,  to  whom  he  is  indebted  for  many 
numerical  details  of  the  latest  results. 

CH.  M.  VAN  DEVENTER. 

Amsterdam,  1897. 
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PHYSICAL  CHEMISTEY  FOE  BEGINNERS 


CHAPTER  I 

DEFINITIONS 

§  1.  Chemistry  is  the  science  of  the  conditions  under 
which  one  or  more  substances  give  rise  to  new  sub- 
stances, either  from  themselves,  or  by  mutual  action. 
The  description  of  the  substances  also,  and  the  pheno- 
mena accompanying  their  production,  belong  to  the 
province  of  Chemistry. 

§  2.  Matter  or  substance  is  the  name  given  in 
chemistry  to  any  homogeneous  body,  without  regard  to 
its  form,  or  state  of  aggregation. 

An  element  is  a  substance  which  cannot  be  decomposed 
into  other  substances. 

A  compound  is  a  substance  composed  of  two  or  more 
elements  ;  the  only  property  of  the  compound  which 
can  be  immediately  inferred  from  the  properties  of  the 
elements,  is  its  weight. 

A  mixture  is  a  combination  of  substances  in  which 
the  latter  retain  their  leading  properties. 

Note  t.    The  substances  now  called  elements  are  so 

B 


PHYSICAL  CHEMISTRY  FOR  BEGINNERS 


relatively,  i.  e.  they  cannot  be  decomposed  by  the  forces 
now  known  to  us.  The  notion  of  a  'relative  element' 
was  introduced  by  Lavoisier. 

Note  a.  It  is  often  difficult  to  explain  intelligibly 
the  boundary  between  compounds  and  mixtures.  The 
distinction  implies  a  certain  conception  :  in  a  compound 
the  elements  are  imagined  as  such,  but  so  deeply  modified 
by  each  other's  presence  that  the  properties  of  the  whole 
— with  the  exception  of  the  weight — are  not  the  sum  of 
the  properties  of  the  components  :  and  the  behaviour  of 
the  compound  towards  other  substances,  is  by  no  means 
that  of  the  free  elements.  But  in  a  mixture^  the  con- 
stituents are  imagined,  each  with  its  own  properties,  so 
little  influenced  by  the  presence  of  others,  that  the 
components  act  on  another  substance  just  as  if  they 
were  free. 

Note  3.  Solid  bodies  often  form  out  of  liquids,  and 
then  form  figures  enclosed  by  flat  faces.  Such  sub- 
stances are  called  crysiah.  They  show  certain  regu- 
larities, on  which  the  systematic  study  of  crystals  is 
based.  They  are  divided  into  six  groups,  so  that  each 
crystallized  chemical  compound  has  its  place  in  one  of 
these  groups. 

Crystals  grow  by  the  deposition  of  fresh  layers  of 
material  on  the  flat  faces  already  existing.  On  that 
account,  the  form  of  crystals  does  not  essentially  depend 
on  their  dimensions,  but  on  the  angles  between  the 
plane  faces,  since  these  are  unchanged  by  the  jmrallel 
growth  of  the  crystals.  It  is  however  always  possible  to 
reduce  a  crystal  to  an  ideal  form,  by  a  displacement  of 
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its  faces  :  in  tliis  ideal  form  a  certain  degree  of  symmetry 
is  apparent.  The  degree  of  symmetry  is  conditioned  by 
the  number  of  planes  of  symmetry. 

The  position  of  the  crystalline  faces  is  often  expressed 
by  their  intersection  with  axes  chosen  in  the  crystal^ 
bearing  a  definite  relation  to  the  planes  of  symmetry. 

The  set  of  crystalline  forms  which  show  the  same 
numbers  of  planes  of  symmetry^  is  called  a  system  of 
crystals.  There  are  six  of  these,  with  nine,  seven,  five, 
three,  one,  and  no  planes  of  symmetry  respectively. 

Solid  substances  which  do  not  crystallize  are  called 
amorphous. 

A  definite  compound  may  crystallize  in  more  than 
one  system :  such  cases  are  usually  conditioned  by 
temperature. 


CHAPTER  II 

FUNDAMENTAL  LAWS  OF  COMBINATION 

§  3.  The  law  of  the  conservation  of  mass  (Lavoi- 
sier's law).  A  system  of  bodies  does  not  change  its 
mass  (or  weight)  when  it  is  transformed  into  another 
system. 

Other  modes  of  expression.  In  chemical  action,  no 
mass  is  gained  or  lost.  The  mass  of  a  material  system 
is  independent  of  its  chemical  form.  In  a  chemical 
action,  the  total  mass  is  the  same  before  and  after. 

Note  i.  This  law  was  applied  dogmatically  by 
Lavoisier,  as  a  principle  of  method  in  experimental 
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cliemical  research.  It  was  adopted  as  a  fundamental 
law  of  chemical  science,  after  his  death,  and  largely  in 
consequence  of  his  work. 

Note  2.  From  the  law  of  Lavoisier,  together  with 
the  notion  of  an  element,  it  follows  that  not  only  the 
mass  of  the  whole  system  is  independent  of  its  chemical 
form,  but  also  that  each  element  is  present  in  the  same 
mass  before  and  after  the  reaction. 

§  4.  The  law  of  constant  composition.  The  com- 
position of  a  compound  is  independent  of  iLs  mode  of 
formation. 

Another  mode  of  expression.  A  compound,  defined  by 
a  certain  totality  of  physical  and  chemical  properties, 
has  a  definite  qualitative  and  quantitative  composition. 

Example.  Alcohol  is  produced  by  fermentation  of 
sugar  in  water.  But  the  same  substance  can  be  ob- 
tained by  the  oxidation  of  ethane,  by  the  action  of  ethyl 
iodide  on  an  aqueous  solution  of  potassium  hydroxide, 
and  by  other  reactions.  The  product,  however,  which 
possesses  a  density  of  0-792  and  a  boiling  point  of  78°, 
is  always  of  the  same  composition  :  46  grams  of  the 
substance  contain  24  grams  of  carbon,  6  grams  of 
hydrogen,  and  16  grams  of  oxygen. 

Note.  This  law  was  introduced  by  Prout  at  the 
beginning  of  this  century. 

§  5.  The  law  of  multiple  proportions.  When  two 
elements  unite  to  form  more  than  one  compound  the 
different  masses  of  one  element  which  combine  with  the 
same  mass  of  the  other  are  in  a  ratio  expressible  by 
rational  numbers. 
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AnofJier  mode  of  expression.  A  definite  mass  of  an 
element  combines  with  different  masses  of  a  second 
element,  in  such  a  way  that  the  latter  are  in  the  same 
ratio  as  rational  numbers. 

Example.  In  the  compounds  methane,  ethane,  ethy- 
lene, acetylene,  benzene,  1%  grams  of  carbon  are 
combined  with  4,  3,  2,  i,  and  i  gram  of  hydrogen 
respectively.  In  the  substances  ammonia,  ammonium 
chloride,  nitric  acid,  methylamine,  amidobenzene,  nitro- 
toluene,  azoic  acid,  14  grams  of  nitrogen  occur,  with 
3,  4,  I,  5,  7,  7,  and  ^  grams  of  hydrogen  respectively. 

Note  i.  This  law  was  discovered  in  1802  by 
Dalton. 

The  law  of  the  conservation  of  mass  enables  us, 
according  to  Lavoisier^s  procedure,  to  express  chemical 
reactions  by  equations  in  which,  on  the  left-hand  side 
of  the  sign  of  equality,  are  placed  the  substances  in  the 
original  system,  on  the  right-hand  side  the  products  of 
the  reaction. 

E.g.  sodium  hydroxide  +  hydrochloric  acid  =  sodium 
chloride  +  water. 

Note  3.  Since  a  definite  substance  has  a  definite 
composition,  the  substance  is  often  named  according  to 
its  composition.  Further,  the  substances  may  be  de- 
signated by  a  symbol,  or  formula,  which  expresses  its 
qualitative  and  quantitative  composition.  In  these 
formulae  letters  occur,  which  stand  for  elements,  and 
for  characteristic  members  belonging  to  them.  Coefii- 
cients,  following  the  letters,  indicate  how  many  times 
their  characteristic  numbers  are  to  be  taken.  How  these 
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numbers,  which  are  called  atomic  weights,  are  deter- 
mined, will  be  explained  later. 

The  substance  potassium  chloride  is  represented  by 
the  formula  KCl :  it  contains  39  grams  of  potassium 
and  35-5  of  chlorine.  HNO3  is  nitric  acid,  a  substance 
which^  in  63  grams,  contains  i  gram  of  hydrogen, 
1 4  of  nitrogen,  and  48  of  oxygen. 

If  the  substances  taking  part  in  a  reaction  be  repre- 
sented by  their  formulae — frequently  multiplied  by  a 
coefficient — arranged  in  the  form  of  an  equation,  this 
affords  an  exact  account  of  the  substances  themselves  and 
their  relative  quantities  as  they  occur  in  the  reaction : 
the  expression  then  shows  exactly  the  qualitative  and 
quantitative  course  of  the  reaction. 

The  equation 

KN03  4-H2S04  =  KHSO4  +  HNO3 
shows  that  in  the  action  of  sulphuric  acid  on  potassium 
nitrate,  98  grams  of  acid  are  required  for  each  10 1 
grams  of  salt:  and  that  in  the  process  136  grams  of 
potassium  hydrogen  sulphate  and  63  grams  of  nitric 
acid  are  produced. 
From  the  equation 

2H2  +  02=  2H2O 

one  learns  that  4  grams  of  hydrogen  combine  with 
32  of  oxygen  to  form  36  of  water. 

For  substances  in  the  state  of  gas  or  vapour  the 
formula  has  a  further  special  meaning,  which  will  be 
referred  to  again  later.    See  §  17,  Note  3,  and  §  23. 

Note  3.  Berzelius  was  the  first  to  indicate  the 
elements  by  letters,  and  compounds  by  combinations  of 
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letters  :  and  to  attribute  a  quantitative  meaning  to  the 
symbols. 

The  characteristic  numbers  attached  to  the  letters, 
now  adopted  by  nearly  all  chemists,  have  only  been  used 
for  about  thirty  years  past. 

Note  4.  It  follows  from  Lavoisier's  law  and  from 
the  definition  of  an  element  that  a  chemical  equation 
must  contain,  on  each  side  of  the  sign  of  equality,  the 
same  elements  and  the  same  quantity  of  each.  It  is  not 
sufficient  to  know  the  substances  present  at  the  beginning 
and  end  of  a  reaction,  and  to  write  them  on  the  two  sides 
of  the  equation.  Thus  oxygen  and  hydrogen  combine  to 
form  water,  but  the  equation 

is  incorrect.  In  this  case  it  is  at  once  obvious  what  must 
be  done  :  for  if  one  writes  _ 

then  the  equation  is  in  agreement  with  Lavoisier^s  law. 
It  is  often,  however,  not  so  easy  to  find  the  right  co- 
efficients, and  it  is  only  by  a  methodical  investigation 
that  they  can  be  determined.  Since  the  coefficients 
are  required  to  bring  the  equation  into  harmony  with 
Lavoisier's  law,  and  the  latter  expresses  merely  the 
equality  between  two  quantities,  but  not  the  absolute 
value  of  either,  it  is  clear  that  only  the  relative  values 
of  the  coefficients  have  to  be  found. 

To  explain  the  method,  we  will  apply  it  to  a  special 
case. 

1  Hydrogen  and  oxygen,  it  will  be  explained  later,  are  not  to  be 
represented  by  the  symbols  H  and  0,  but  by      and  O^. 
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When  potassium  manganate  (K2Mn04)  is  treated 
with  much  water,  potassium  permanganate  (KMnO^), 
manganese  dioxide  (MnOg),  and  potassium  hydroxide 
(KOH)  are  produced.  The  equation  that  represents  this 
reaction  must  have  the  form 

i^KaMnO^  +  ^HgO  =  ajKMnO^+yMnOg  +  ^KOH. 

According  to  the  definition  of  an  element,  and  to 
Lavoisier's  law,  the  following  equations  must  hold : 

^  Kg  =  (a;  +    K           or  =  x  +  z  .  .  {■a) 

i3Mn=(a;+^)Mn         „  p  =  x  +  i/..{h) 

^  O4  +  O  =    O4  +^  Oo  +  ^  O  „  ^\p-\-q=  4X+21/  -{-z  (c) 

^  Hg  =  ^!  H  „  2q  =  z  (d) 

Here,  it  will  be  seen,  are  five  unknown  quantities  and 
only  four  equations.  But,  as  was  remarked  previously, 
we  are  only  concerned  with  the  ratios  of  the  coefiicients ; 
the  number  of  equations  is  sufficient,  and  we  may  choose 
arbitrarily  any  whole  number  for  one  of  the  unknowns. 
If  the  calculation  then  leads  to  fractions  for  the  other 
unknowns,  we  are  directed  to  multiply  by  an  appropriate 
factor,  to  reduce  to  whole  numbers.  Irrational  numlers 
cannot  possibly  appear  in  the  results ;  for  the  equations 
are  necessarily  linear  and  the  coefiicients  rational. 

Now  put  z  —  1,  then  from  (d)  q~\. 

By  combining  (c)  and  (b)  we  arrive  at 

From  (b)  and  {21)  p  =.  z  —y,  and  thence    =  f . 
Finally,  according  to  (a)  |  =  a?-M,  whence  x  =^  \. 
Multiplying  the  results  of  the  arithmetic  by  4,  and 
arranging  in  the  forms  of  an  equation,  we  get 

SKaMnO^  +  aHgO  =  aKMn04  +  MnO,  +  4KOH. 
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It  is  not  possible  to  have  more  equations  than  un- 
known quantities;  but  it  is  quite  possible  that  the 
number  of  equations  should  differ  by  more  than  one 
from  that  of  the  unknown.  E.  g.  the  reaction  according 
to  which  potassium  chlorate  gives  oxygen,  potassium 
perchlorate,  and  potassium  chloride  on  heating  : 

p  KCIO3  =  q  KCl  +  r  KCIO4  +  s  O2 
gives  two  independent  relations  between  four  unknowns, 
so  that  more  than  one  system  of  values  is  possible  for 
them.  In  fact,  experiment  shows  that  on  the  tempera- 
ture depends  which  system  occurs.  Still  the  equations 
are  linear  and  their  unknowns  have  whole  numbers  for 
coefficients,  so  that  in  this  case  also  only  rational  values 
of  the  coefficients  are  possible. 

It  is  therefore  always  jpossihle  to  express  a  chemical 
reaction  ly  means  of  an  eqttation  with  integral  coefficietits. 

This  law  will  later,  in  §  23,  be  made  use  of  for  an 
important  application. 

Note  5.  It  must  not  be  overlooked  that  in  the 
equations,  only  such  quantities  of  each  substance  occur 
as  take  part  in  the  reaction  :  in  the  equation 

SKaMnO^  +  aH^O  =  aKMn04  +  4KOH +  Mn02 
only  a  Httle  water  occurs.  This  does  not,  however, 
mean  that  this  small  quantity  of  water  is  enough  to 
make  the  reaction  possible;  for  the  equation  only 
implies  that  when  the  reaction  has  taken  place— and 
it  takes  place  only  in  presence  of  much  water — the 
given  quantity  of  water  has  been  converted  into  another 
form. 

Note  6.    The  method  just  explained  for  finding  the 
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right  coefficients  usually  leads  to  the  desired  conclusion. 
But  it  is  often  easier  to  refer  the  chemical  changes  to 
a  fictitious  reaction,  whose  coefficients  can  at  once  be 
found :  when  the  latter  are  known,  it  is  not  difficult 
to  write  down  the  true  equation  with  its  proper  co- 
efficients. 

Take  again  the  case  of  the  action  of  water  on  potas- 
sium manganate.  KgMnO^  is  a  derivative  of  the 
oxide  MnOg:  it  yields  with  water  KMnO^,  a  deri- 
vative of  MugO^,  and  the  dioxide  MnO^.  The  fictitious 
chemical  action  of  the  oxides  is  their  formation  of 
MnOg  and  Mn^O^  from  MnOg. 

For  this  fictitious  reaction  we  find  at  once  the  equa- 
tion 

3Mn03  =  Mn^O^  +  MnOg  j 
but3Mn03  means  3K2Mn04  ;  MngO^  means  aKMnO^ ; 
and  there  remain  4K  over  which  appear  as  4KOH,  and 
therefore  require  aHgO. 

Finally,  the  action  may  be  divided  into  several 
phases  :  for  each  phase  which  corresponds  to  a  simple 
reaction  the  equation  may  be  at  once  written,  and  by 
summation  the  final  equation  which  expresses  the 
beginning  and  end  of  the  reaction,  arrived  at. 

One  knows,  e.  g.,  that  by  the  action  of  potassium 
bichromate  with  dilute  sulphuric  acid  on  alcohol,  alde- 
hyde, potassium  sulphate,  and  chromium  sulphate  are 
produced.  We  may  say  then  :  sulphuric  acid  and  potas- 
sium bichromate  give  potassium  sulphate  and  chromic 
acid;  chromic  acid  dissociates  into  water  and  anhy- 
dride; the  anhydride  oxidizes  alcohol,  with  formation 
of  aldehyde  and  water,  and  is  itself  reduced  to  chromium 
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trioxide.  This  treatment  may  be  expressed  by  the 
equations : 

K2Cr207  +  H2S04  +  H20  =  K^SO^  +  aHaCrO^ 
aHgCrO^  =3H,0  +  2iCr03 

aCrOg  ^Cr^Oa  +  sO 

3C,HeO  +  30      =  sC^H.O  +  sH.O 
Cr.Og  +  sH^SO,  =Cr,(SOj3  +  3H,0. 

By  summing  these,  and  leaving;  out  terms  which 
occur  on  both  sides,  we  arrive  at 

K^Cr^O,  +  4H2SO4  +  sC^HgO 

=  K2SO,  +  Cr2(SOj3  +  3C2H,0  +  7H20. 

The  disappearance  of  so  many  substances  has  a  chemical 
as  well  as  a  mathematical  meaning.  The  decomposition 
of  the  whole  process  into  phases  is  a  purely  mental 
operation,  and  the  substances  which  occur  in  this  opera- 
tioUj  but  not  in  the  actual  process,  should  not  find  a 
place  in  the  final  equation.  The  disappearing  terms  are 
all  formulae  of  substances,  whose  existence  has  to  be 
assumed  to  connect  the  equations  with  one  another,  and 
only  those  substances  occur  in  the  final  equation  which 
can  be  observed  at  the  beginning  and  the  end  of  the 
reaction. 

Problems.  Find  the  equations  by  which  the  following 
reactions  may  be  expressed  : 

I.  The  action  of  dilute  nitric  acid  (HNO3)  and  copper 
(Cu)  gives  rise  to  formation  of  copper  nitrate  (Cu(N03)2), 
nitric  oxide  (NO),  and  water  (HgO). 

a.  By  the  action  of  strong  sulphuric  acid  (HgSOJ 
on  copper  (Cu),  copper  sulphate  (CuSOJ,  sulphur 
dioxide  (SOg),  and  water  {l\0)  are  formed. 
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3.  Oxalic  acid  (C^HoOJ  is  oxidized  in  presence  of 
dilute  sulphuric  acid  (HgSOJ  and  potassium  perman- 
ganate (KMnOJ  to  carbon  dioxide  (CO2)  and  water 
(HgO),  while  potassium  sulphate  (KgSOJ  and  man- 
ganese sulphate  (MnSOJ  appear  as  bye-products. 

4.  Potassium  bichromate  [K^Qv^O^]  is  decomposed 
by  heating  with  concentrated  hydrochloric  acid  (HCl), 
with  formation  of  chromium  trichloride  (Cr.Clg), 
chlorine  {Gh),  potassium  chloride  (KCl),  and  water 
(H,0). 

5.  Potassium  iodide  (KI)  is  oxidized  in  neutral  or 
alkaline  solution  of  potassium  permanganate  (KMnOJ 
to  potassium  iodate  (KIOo)  with  formation  of  MnOg 
and  KOH. 

§  6.  Law  of  constant  proportions.  The  elements 
combine  in  definite  ratios  of  mass_,  and  these  ratios  often 
recur  when  they  enter  into  combination  with  other 
elements. 

jExamjoles.  Ethylene  is  composed  of  six  parts  of 
carbon  to  one  of  hydrogen.  Carbon  and  hydrogen 
occur  in  the  same  proportion  in  all  the  hydrocarbon 
compounds  of  the  ethylene  series,  and  further  in  all  the 
fatty  acids,  aldehydes,  and  dihalogen  derivatives  of 
ethylene;  the  latter  substances  containing^  besides, 
oxygen  or  a  halogen  respectively. 

200  grams  of  mercury  combine  with  32  grams  of 
sulphur  to  form  mercurous  sulphide.  The  same 
quantities  occur,  together  with  64  grams  of  oxygen, 
in  mercurous  sulphate. 

39  parts  of  potassium  combine  with  35-5  of  chlorine 
to  form  potassium  chloride.    In  potassium  chlorate  there 
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is  the  same  quantity  of  potassium,  combined  with  the 
same  quantity  of  chlorine,  and  48  parts  of  oxygen. 

As  a  supplement  to  this  law,  the  following  rule  may 
be  stated.  The  ratio  of  masses  of  two  elements  com- 
bined with  a  third  are  often  reproduced  when  the  two 
are  combined  with  another  element. 

Examples.  48  parts  of  oxygen  and  14  of  nitrogen 
form  a  compound  with  108  of  silver;  but  one  finds  also 
48  parts  of  oxygen  and  14  of  nitrogen  combined  with 
3 1 '75  of  copper,  with  103  of  lead,  with  100  of  mercury, 
with  32-5  of  zinc,  with  68-5  of  barium,  with  30  of 
calcium,  with  39  of  potassium,  with  23  of  sodium,  with 
I  of  hydrogen. 

32  parts  of  sulphur  and  64  of  oxygen  combine  with 
216  of  silver;  but  one  finds  also  the  same  quantity  of 
sulphur  and  oxygen  combined  with  206  parts  of  lead, 
with  63-5  of  copper,  200  of  mercury,  65  of  zinc,  137  of 
barium,  40  of  calcium,  78  of  potassium,  46  of  sodium, 
and  2  of  hydrogen. 

§  7.  Law  of  equivalence  of  the  elements.  The 

elements  in  many  cases  enter  into  combination  in  definite 
relations  of  mass  to  one  another.  The  number  of  srrams 
of  an  element  which  are  capable  of  replacing  one  gram 
of  hydrogen  is  called  the  eqiiivale^it  of  that  element. 

Examples.  i  gram  of  hydrogen  combines  with 
8  grams  of  oxygen.  But  the  hydrogen  can  be  reijlaced 
in  its  combination  with  8  grams  of  oxygen  by  23  grams 
of  sodium,  39  grams  potassium,  20  grams  calcium, 
68-5  grams  barium,  9  grams  aluminium,  32-5  grams 
zinc,  31.75  grams  copper,  103  grams  lead,  100  grams  of 
mercury. 
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Note.  The  equivalent  of  an  element  can  accordingly 
be  determined  from  the  amount  which  combines  with 
8  grams  of  oxygen,  or  with  so  much  of  another  element 
as  forms  a  saturated  compound  with  one  gram  of 
hydrogen. 

§  8.  Explanation  of  the  fundamental  laws.  Only 
the  first  three  of  the  six  laws  mentioned  are  inde- 
pendentj  in  that  each  states  something  which  is  not 
contained  in  those  that  precede.  The  law  of  constant 
proportions,  and  the  law  of  equivalence,  may  be  regarded 
as  particular  cases  of  the  law  of  multiple  proportions. 
Still  the  formulation  of  those  particular  cases  is  useful : 
it  brings  out  the  existence  of  important  phenomena: 
without  such  formulation,  important  special  cases  might 
easily  be  overlooked. 

In  order  to  express  the  fact  that  one  element 
often  takes  the  place  of  another  in  a  combination,  the 
word  substitution  is  employed.  One  may  say  copper 
chloride  is  hydrochloric  acid,  in  which  copper  is  substi- 
tuted for  hydrogen.  It  should  be  remarked,  however, 
that  the  substitution  cannot  always  be  accomplished 
directly.  Thus  there  is  no  difficulty  in  substituting  zinc 
for  copper  in  copper  sulphate,  by  merely  immersing  a 
zinc  rod  in  the  solution  of  the  copper  sulphate ;  but  the 
reverse  substitution  is  not  so  easy  to  carry  out,  and  can 
only  be  done  by  more  complicated  processes.  In  some 
circumstances  the  substitution  may  be  with  quantities 
of  an  element  other  than  its  so-called  equivalent.  For 
instance,  it  is  possible  to  obtain  from  hydrochloric  acid 
a  chlorine  compound  in  which  not  31*75  gi'ams  copper, 
but  twice  that  quantity,  replace  i  gram  of  hydrogen. 
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Especially  in  organic  chemistry,  this  fact  puts  difficulties 
in  the  way  of  determining-  the  equivalent — for  which 
substituting  quantity  is  to  be  called  the  equivalent  ? — 
and  the  manifold  substitution  made  it  difficult  to  express 
substances  by  generally  applicable  formulae  at  a  time 
when  the  meaning  attributed  to  the  letters  was  that 
of  equivalents.  The  atomistic  theory  developed  below 
spares  us  the  trouble  of  deciding  which  is  the  right 
equivalent,  and  avoids  the  indeterminateness  of  the 
nomenclature  formerly  used.  Atomic  weight  and  equiva- 
lent stand  in  a  certain  relation  to  one  another,  but  in 
any  stage  of  experimental  chemistry  there  exists  only 
one  atomic  weight,  while  opinions  may  always  differ  on 
the  correct  equivalent  weight. 

§  9.  Law  of  Gay-Lussac  on  the  combination  of 
elements  in  the  gaseous  state.  When  a  gaseous  com- 
pound is  formed  from  gaseous  elements,  the  volume  of 
a  given  mass  of  the  compound  bears  to  the  volume  of 
the  elements  composing  it  a  ratio  expressible  by  whole 
numbers. 

Examples.  Two  litres  of  gaseous  hydrochloric  acid  are 
formed  by  the  combination  of  one  litre  of  chlorine  and 
one  litre  of  hydrogen.  Two  litres  of  steam  decompose 
into  two  litres  of  hydrogen  and  one  of  oxygen,  and  can 
be  reformed  from  the  same  quantities.  Two  litres  of 
ammonia  give,  on  decomposition,  three  litres  of  hydrogen 
and  one  of  nitrogen. 

Note  i.  This  law  is  a  special  case  of  a  more  general 
one,  discovered  by  Gay-Lussac  in  1808,  which  will  be 
explained  below  in  §  11. 
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Note  2.  In  comparing  the  volume  of  substances  in 
the  gaseous  state,  it  is  assumed  that  their  temperature 
and  pressui-e  are  the  same. 


CHAPTER  III 

THE  PROPERTIES  OF  GASES 

§  10.  Law  of  Boyle-Gay-Lussac.  Many  substances 
are  changed  into  the  gaseous  state  by  heating,  or  by 
reduction  of  pressure  :  many  others  are  gaseous  at  normal 
temperature  and  normal  pressure,  i.  e.  at  1 5°  C.  and 
760  mm.  of  mercury.  For  most  substances  there  are 
limits  of  pressure  and  temperature  within  which  for  a 
given  mass  of  substance  the  relation  between  pressure, 
temperature,  and  volume  is  given  with  close  approxima- 
tion by  the  following  equation : 

PV_  PV 
T  ~  273  +  ^5  ~  ^• 

In  this  equation  V  is  the  volume  of  a  given  mass 
of  substance  at  the  absolute  temperature  T  and  under 
the  pressure  P. 

Examples.  1  gram  of  hydrogen  at  0°  and  760  mm. 
occupies  a  volume  of  ii'i6  litres,  i  gram  of  chlorine 
0-324  litres. 
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Note  i.  This  law  is  a  combination  of  the  law  of 
Boyle, 

PV  =  A  .    .    .    .  (T  constant), 
with  the  law  of  Gay-Lussac  : 

Vt  =  Vq  T  /a73    .    ,    .  (P  constant), 
or        Vt  =      (i  +  i{  /2J73)  .    .  (P  constant). 

Note  2.  Gases  are  called  perfect  in  so  far  as  they 
obey  the  above  law.  Vapours  may  be  treated  as  perfect 
gases  when  they  are  somewhat  far  removed  from  the 
point  of  "condensation.  The  deviation  of  gases  from  the 
Boyle-Gay-Lussae  law  belongs  rather  to  the  domain  of 
Physics :  in  this  book  only  the  particular  case  known 
as  that  of  abnormal  vapour  densities  will  be  touched  on 
(see  §  14). 

§  11.  Law  of  Gay-Lussac  on  the  reaction  of  sub- 
stances in  the  gaseous  state.  When  gaseous  substances 
take  part  in  a  reaction  their  volumes  bear  to  one  another 
a  ratio  expressible  by  whole  numbers,  and  usually 
simple. 

JExamples.  Two  litres  of  hydrogen  combine  with  one 
of  oxygen  to  two  of  steam  (see  note  to  §  12).  One  litre 
of  chlorine  combines  with  one  of  hydrogen  to  two  of 
hydrochloric  acid.  One  litre  of  methane  gives  with  two 
of  oxygen  one  litre  of  carbon  dioxide  and  two  of  steam. 
One  gram  of  diamond  combines  with  1-9  litres  of  oxygen 
to  I '9  litres  of  carbon  dioxide. 

Note.  This  law  was  deduced  by  Gay-Lussac  in  1808 
from  his  own  researches,  and  was  verified  by  Humboldt. 
It  includes  the  law  given  in  §  9. 

0 
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§  12.  Density  of  gases.  In  chemistry  the  density 
of  a  g-as  is  expressed  by  comparison  with  that  of  air,  or 
more  commonly  of  hydrogen,  at  the  same  temperature 
and  pressure.  According-  to  the  law  of  Boyle-Gay-Lussac, 
the  ratio  of  the  mass  of  the  same  volume  of  a  gas  and  of 
hydrogen  under  the  same  conditions  must  be  the  same, 
whatever  the  temperature  and  pressure  chosen.  When 
the  volume  of  a  measured  weight  of  gas,  under  measured 
pressure  and  temperature,  is  known,  we  can  calculate  the 
weight  of  T  litre  under  o°  and  760  mm.  according  to 
the  law  of  Boyle-Gay-Lussac.  This  weight,  expressed 
in  grams,  divided  by  0-0896  grams  (the  weight  of 
I  litre  of  hydrogen  at  0°  and  760  mm.)  gives  the  gas- 
density  of  the  substance. 

Note  i.  The  weight  of  a  substance  in  the  gaseous 
state  at  0°  and  760  mm,  is  often  only  a  matJiematical 
fiction,  viz,  when  the  maximal  pressure  at  0°  is  less  than 
760  mm.  If  one  says  that  the  density  of  steam  at 
0°  and  760  mm,  is  o-8  grams  per  litre,  that  expression  is 
fictitious,  for  the  pressure  of  steam  at  0°  cannot  exceed 
4  mm.  The  density  would  be  0-8  if  steam  at  0°  could 
be  compressed  to  760  mm.  without  condensation  and  it 
obeyed  Boyle's  law.  The  fiction  is  useful  because  it 
enables  us  immediately  to  compare  all  gases  and  vapours 
with  hydrogen ;  the  density  of  the  latter  gas  at  0°  and 
760  mm.  being  accurately  determined,  and  vapour-den- 
sities thus  easily  arrived  at. 

Note  2.  The  specific  volume  of  a  gas  is  thp  volume 
of  I  gram  of  the  gas  at  0°  and  760  mm.,  expressed  in 
litres.  E.g.  for  hydrogen  this  quantity  is  1/0-0896  = 
ii«i6  litres. 
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Note  3.  A  knowledge  of  tlie  gas-density  is  of  great 
importance  in  chemistry,  not  only  because  it  is  a  property 
of  the  substance,  but  because  it  has  been  found  that  a 
relation  exists  between  the  gas-density  of  a  substance  and 
the  mass  in  which  it  takes  part  in  reactions :  relations 
exist,  moreover,  between  vapour-density  and  the  laws  of 
combination,  which  find  their  most  complete  exposition 
in  the  atomistic  theory,  which  will  be  dealt  with  shortly 
(see  §  14  et  seqq.), 

§  13.  Some  methods  of  measuring  gas-densities. 

General  jprinciple.  To  calculate  the  gas-density  of  a 
substance — the  mass  of  i  litre  of  hydrogen  at  0°  and 
760  mm.  being  assumed  known — one  must  know  the 
mass  of  substance  employed,  its  volume  in  the  gaseous 
state,  and  the  pressure  and  temperature  at  which  the 
volume  ia  measured.  From  these  quantities  the  mass 
of  I  litre  at  0°  and  760  mm.  may  be  calculated.  This 
principle  is  the  basis  of  the  following  methods  : 

(a)  Regnmdt's  metJiocl.  A  glass  globe  whose  volume 
is  accurately  known  is  weighed  first  evacuated,  and 
then  filled  with  the  gas,  at  atmospheric  pressui-e  and 
temperature.  The  method  is  adapted  to  such  substances 
as  are  gaseous  under  ordinary  conditions,  and  gives  very 
exact  results. 

{b)  Dumas  s  method.  Often  used  for  liquids  whose 
boiling  point  is  not  high.  In  a  glass  globe  whose 
weight  and  volume  are  known  a  small  quantity  of  the 
liquid  to  be  measured  is  introduced,  and  heated  in  a  bath 
whose  temperature  is  a  few  degrees  above  the  boiling 
point  of  the  liquid.  The  liquid  boils,  and  the  vapour, 
escaping  from  the  narrow  neck,  drives  out  the  aii-. 

c  2 
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E\^entually  the  bulb  is  full  of  the  vapour  at  the  tem- 
perature of  the  bath  and  the  pressure  of  the  air:  the 
neck  is  then  sealed  off,  the  bulb  removed  and  weighed. 

Note  i.  With  some  modifications  this  method  is 
available  up  to  very  high  temperatures :  the  glass  bulb 
being  replaced  by  one  of  porcelain.  Dumas's  method 
has  the  disadvantage  that  liquids  are  often  mixed  with 
a  small  quantity  of  impurity  of  higher  boiling  point, 
so  that  in  the  final  state  the  impurity  may  become  of 
consequence. 

(c)  Gay-Lussac^s  method,  modified  hy  Kofmann.  Avail- 
able for  liquids  of  low  boiling  point.  A  small  bulb, 
weighed  first  empty  and  then  full  of  the  liquid,  is  sealed 
off  and  introduced  into  the  empty  space  of  a  graduated 
barometer  tube.  The  latter  is  surrounded  by  a  jacket, 
through  which  passes  the  vapour  of  a  boiling  liquid. 
The  substance  is  in  this  way  vaporized ;  the  bulb 
bursts,  and  the  mercury  is  depressed.  The  volume  is 
read  off  the  graduation  of  the  tube ;  the  pressure  of  the 
vapour  is  that  of  the  atmosphere  diminished  by  that  of 
the  mercury  column  remaining  in  the  tube ;  and  the 
temperature  is  that  of  the  vapour  in  the  jacket. 

{d)  Victor  Meyer  s  method  (method  of  displacement  of 
air).  In  this  method  the  volume  of  the  vapour  is  not 
measured  directly,  but  that  of  the  air  it  displaces  is 
determined  instead. 

A  long  glass  tube  e  c  is  provided  with  the  side  tube  dr, 
and  the  lower  part  is  widened.  The  jacket  a  which 
surrounds  the  greater  part  of  the  tube  holds  a  liquid 
whose  vapour  on  boiling  raises  the  part  c  to  a  constant 
temperature.    The  opening  e  is  closed  with  a  stopper; 
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while  d  delivers  into  a  graduated  tube  /  filled  with 
water,  inverted  over  a  dish  filled  with  water.  The 
liquid  is  boiled :  the  vapour  surrounds  the  tube  c,  the 
air  in  it  expands  and  escapes  through 
cl  till  the  expansion  ceases.  The  open- 
ing of  cl  is  only  then  brought  under 
the  tube  f:  and  next,  the  stopper 
being  taken  out  for  a  moment,  a  little 
bulb  containing  a  weighed  quantity 
of  the  substance  whose  vapour-den- 
sity is  required  is  slipped  in  through 
e;  the  stopper  being  immediately 
replaced.  The  substance  evaporates 
in  the  lower  part  of  the  apparatus, 
and  drives  out  a  volume  of  air  equal 
to  the  volume  of  vapour  generated : 
this  air  passes  through  the  delivery 
tube  d  into  /.  When  the  evapora- 
tion of  the  substance  is  complete, 
the  production  of  air  bubbles  ceases. 
Since  the  vapour  has  driven  out  an 
equal  volume  of  air,  the  volume  of 
the  air  in  f  is  that  which  the  vapour 
would  occupy  if  it  could  be  cooled  to 
atmospheric  temperature,  at  the  at- 
mospheric pressure.  The  gas-volume 
is  thus  reduced  to  atmospheric  pres- 
sure and  temperature  in  the  experiment 
itself.  The  volume  of  air  is  measured  in  the  appropriate 
way,  pressure  and  temperature  read,  and  the  former 
diminished  by  the  saturation  pressure  of  water  at  the 
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temperature  of  observation.  When  the  mass  volume^ 
temperature^  and  pressure  have  been  determined  in  this 
way,  it  is  easy  to  calculate  the  mass  of  a  litre  of  the 
vapour  at  o°  and  760  mm. 

Example.  In  a  vapour-density  experiment  by  Meyer's 
method,  0-184  grams  of  a  liquid  vi^ere  evaporated,  and 
3 7 '5  ec.  of  damp  air  collected.  The  barometer  read 
752  mm.,  and  the  temperature  of  the  room  was  14°  C. 
What  is  the  vapour-density  of  the  body? 

The  total  pressure  of  air  and  water  vapour  is  thus 
75a  mm.  But  as  the  pressure  of  water  vapour  at  14° 
is  I  a  mm.,  the  air  exercised  a  pressure  of  740  mm.  At 
0°  and  760  mm.  the  volume  is  accordingly 

740  a73 

37-5  X       X  =  35  ec. 

^     760     373  +  14 

and  this  is  the  volume  of  0-184  grams  of  the  vaporized 
substance  at  0°  and  760  mm.  A  litre  of  the  substance 
would  therefore  have  at  0°  and  760  mm.  a  mass 

0-184 

1000  X   grams  =  5*3  grams. 

35 

The  vapour- density  is  therefore  5'3-i-o-o896  =  59. 

Note  3.  For  measurements  of  moderate  accuracy  it 
is  customary  to  use  Victor  Meyer's  method ;  and  usually 
for  chemical  purposes  an  approximate  measurement  of 
vapour-density  is  sufficient. 

It  appears  from  the  description  that  it  is  not  necessary 
to  know  the  temperature  of  the  bath  in  this  process, 
provided  it  is  certainly  high  enough  to  evaporate  the 
substance  to  be  studied.    If  the  tube       is  made  of 
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appropriate  material  the  method  can  be  used  up  to  very 
high  temperatures. 

§  14.  Abnormal  gas-densities.  Most  gases  and 
vapours  behave  in  such  a  way  that  the  vohime  of  a 
given  quantity  can  be  measured  at  any  temperature  and 
pressure,  and,  reduced  as  above  described  to  0°  and 
760  mm.,  will  give  always  the  same  density.  Each 
substance  has  therefore  a  single  gas-density,  independent 
of  the  temperature  and  pressure  to  which  it  is  exposed 
in  the  experiment.  This  rule  holds  for  all  bodies  which, 
within  certain  limits  of  pressure  and  temperature,  obey 
the  law  of  Boyle-Gay-Lussac. 

But  there  are  substances,  such  as  peroxide  of  nitrogen 
and  acetic  acid,  which  behave  differently :  their  gas- 
density  depends  on  the  temperature  or  pressure  at  which 
it  is  determined.  For  such  substances  there  is  a  maxi- 
mum value  of  the  gas-density  at  low  temperatures,  and 
a  minimum  at  high,  which  does  not  vary  further  by 
further  rise  of  temperature.  The  latter  constant  value 
is  taken  as  correct  for  acetic  acid  and  similar  substances. 
The  density  of  certain  gases  is  constant  over  a  very 
wide  range  of  temperature,  but  diminishes  at  higher 
temperatures.  This  is  the  case  with  chlorine.  The  case 
of  sulphur  is  noteworthy,  as  its  density  at  464°  is  about 
four  times  as  great  as  at  1100°,  while  from  1100°  to 
1700°  it  does  not  change. 

The  cases  quoted  are  said  to  be  ahnormal  gas-densities. 
An  explanation  of  this  behaviour  is  given  below  (see 
§17,  note  5 ;  cf.  also  §  21,  note  3). 

§  15.  Conceptions  of  the  nature  of  gaseous  bodies. 
Molecules.  Atoms.  Physics,  and  also  chemistry,  makes 
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use  of  tlie  following  conception :  a  gas  consists  of  a  large 
number  of  composite  particles  moving  through  space  in 
straight  lines.  Each  of  these  particles,  called  molecules, 
possesses  the  same  chemical  composition  as  the  whole 
mass  of  the  body.  If  the  latter  is  a  compound,  each 
molecule  is  composed  of  heterogeneous  parts,  of  which 
each  consists  of  a  single  element.  These  parts  are  called 
atoms:  they  are,  according  to  our  present  knowledge 
of  chemical  processes,  indivisible,  either  by  physical  or 
chemical  means.  A  molecule  of  a  gaseous  element  may 
also  be  composed  of  atoms,  but  they  are  in  this  case  of 
the  same  kind.  The  space  occupied  by  the  molecule 
itself  is  small  compared  with  the  space  in  which  it 
moves. 

Note  i.  The  theory  of  the  constitution  of  liquids  has 
not  been  worked  out  so  far  as  that  of  gases,  and  that  of 
solids  even  less. 

Note  2.  The  existence  of  atoms  was  assumed  by 
Democritus  (circa  400  b.  c).  In  modern  chemistry  the 
distinction  between  the  meanings  of  atom,  molecule,  and 
equivalent  is  chiefly  due  to  Laurent,  who  worked  in  the 
middle  of  this  century. 

§  16.  Avogadro's  hypothesis.  At  the  same  tempera- 
ture and  pressure,  the  same  volume  of  different  gases 
contains  the  same  number  of  molecules. 

Note.  This  hypothesis  was  put  forward  by  Avogadro 
in  1 81 1,  and  by  Ampere  in  18 14,  but  only  in  the  latter 
half  of  the  century  recognized  by  most  chemists  as  the 
basis  of  a  system. 
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§  17.  Deductions    from   Avogadro's  hypothesis. 

[a)  Molecular  weight.  The  ratio  o£  the  masses  of  equal 
volumes  of  different  gases,  taken  at  the  same  temperature 
and  pressure,  is  the  ratio  of  the  mass  of  a  molecule  of 
the  one  substance  to  the  mass  of  a  molecule  of  the  other. 
Taking  the  mass  of  a  molecule  of  hydrogen  as  2,  the 
mass  of  the  molecule  of  another  gas  is  called  its  molecular 
weight. 

The  molecular  weight  is  thus  a  relative  numJjer,  ex- 
pressing the  ratio  of  the  mass  of  a  moleciile  of  the 
substance  in  the  gaseous  state  to  that  of  a  half -molecule 
of  hydrogen.  The  molecular  weight  may,  however,  also 
be  defined  as  the  doubled  quotient  of  the  weight  of  a 
litre  of  the  substance  in  the  gaseous  state  at  o°  and 
760  mm,,  divided  by  0-0896  grams. 

Briefly,  the  molecular  weight  of  a  substance  is  twice 
its  gas-density  (see  §  12). 

Note  i.  The  value  %  for  the  molecular  weight  of 
hydrogen  is  not  one  experimentally  found,  but  conven- 
tionally assumed ;  consequently  all  the  molecular  weights 
employed  in  chemistry  are  only  relative  mimhers.  The 
determination  of  the  absolute  dimensions  of  molecules 
belongs  to  physics ;  chemistry  needs  for  the  solution  of 
its  problems  only  the  relative  values. 

Note  2.  The  molecular  weight  can  only  be  deter- 
mined directly  for  such  bodies  as  volatilize  without 
decomposition  (cf.  §  21,  note  3). 

Note  3.  From  the  molecular  weight  of  a  body  its 
density  in  the  gaseous  state  can  be  immediately  found  : 
the  latter  is  half  the  molecular  weight  multiplied  by 
0-0896  grams  per  litre. 
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Note  4.  The  molecular  qiiani'dy  of  a  substance  is  the 
number  of  grams  which  contains  as  many  units  as  the 
molecular  weight. 

That  quantity  is  commonly  called  a  gram-molecule  o£ 
the  substance. 

Note  5.  Explanation  of  the  existence  of  ahiormal  gas- 
densiiies.  Substances  whose  gas-densities  change  with 
the  temperature  change  also  their  molecular  weights. 
That  may  be  explained  by  supposing  that  their  mole- 
cules, at  low  temperatures,  consist  of  more  complicated 
groups  than  at  higher  temperatures,  and  that  on  rise  of 
temperature  these  groups  break  up.  This  explanation 
of  the  phenomena  is  supported  by  the  fact  that  for 
substances  with  abnormal  gas-densities  the  specific  heat 
is  abnormally  great  and  variable  ;  the  heat  absorbed  goes 
in  part  only  to  raise  the  temperature,  the  remainder  is 
used  up  in  decomposing  the  complex  molecular  groups 
into  simpler. 

§  18.  (b)  Atomic  weigJit.  Theoretical  and  experimental 
definition.  The  atomic  weight  of  an  element  is  the  ratio 
of  the  weight  of  an  atom  of  that  element  to  the  weight 
of  a  half-molecule,  or  atom,  of  hydrogen. 

Note  i.  The  atomic  weight  also  is  a  ratio — a  relative 
numler. 

Note  a.  In  the  table  at  the  end  of  the  book  the  unit 
of  atomic  weight  is,  for  special  reasons,  chosen  not  as 
the  atom  of  hydrogen,  but  as  the  sixteenth  part  of  an 
atom  of  oxygen.  The  atomic  weight  of  hydrogen  comes, 
accordingly,  to  1-007.    If,  therefore,  the  atomic  weights 
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given  be  divided  by  1-007  tbey  will  give  tbe  ratios  to 
one  atom  of  bydrogen. 

Tbe  atomic  weigbt  of  an  element  is  tbe  greatest  common 
divisor  of  tbe  different  cpiantities  of  tbe  element  wbicb 
occur  in  tbe  molecular  quantity  of  its  comj)OU?uls. 

Uccamples : 

I.  Compounds  of  oxygen. 

Oxygen-content. 

32 
16 

16 

44      .        .        .  .32 

64 
80 
63 
396 


Name. 
Oxygen  . 
Water  . 
Carbon  monoxide 
Carbon  dioxide 
Sulphur  dioxide 
Sulphur  trioxide 
Nitric  acid 
Arsenic  trioxide 


Molecular  quantity. 
.      32  . 
.      18  . 
.      28  . 


32 
48 
48 
96 


Greatest  common  factor  =  i6  =  atomic  weight  of  oxygen. 
II.  Compounds  of  cblorine. 


Name. 
Chlorine 

Hydrochloric  acid . 
Methyl  chloride 
Ethylene  dichloride 
Chloroform  . 
Carbon  tetrachloride 


Molecular  quantity.  Oxygen-content. 
.      71      .        .  . 

36-5  ....  35-5 
50-5  ....  35-5 
99     .      .       .  .71 
119-5  ....  106.5 
154     ...      .  142 
Greatest  common  factor  =  35.5  =  atomic  weight  of  chlorine. 

Note  3.  Tbe  existence  of  a  greatest  common  factor 
is  in  agreement  witb  tbe  law  of  multiple  proportions^  but 
is  not  a  deduction  from  it.  If  tbe  molecular  quantities 
of  compounds  of  tbe  elements  A  and  B  all  contain  tbe 
same  quantity  of  tben  tbe  law  of  multiple  proportions 
would  necessitate  a  bigbest  common  factor  for  tbe 
quantities  of  B.    But  tbat  necessity  is  not  contained  in 


tbe  law. 


Tbe  existence  of  tbe  bigbest  common  factor^ 
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which  is  the  actual  basis  of  atomic  weights,  is  a  fact 
which  cannot  be  deduced  from  any  of  the  laws  previously 
stated^  but  is  derived  anew  from  experience. 

It  is  clear  that  the  atomic  weight  of  an  element  must 
be  changed  if  new  compounds  of  ii  are  discovered  whose 
analysis  leads  to  a  lower  value  of  the  highest  common 
factor. 

Note  4.  We  shall  give  below  other  methods  for 
determining  the  atomic  weight.  But  in  these  the 
correctness  of  Avogadro^s  hypothesis  is  assumed^  so  that 
their  results  cannot  in  general  invalidate  the  atomic 
weight  determined  by  the  method  just  described.  When 
there  are  but  few  volatile  compounds  of  an  element^  the 
value  of  the  highest  common  factor  does  not  possess 
much  certainty^  and  other  methods  are  desirable  for  the 
determination  and  criticism  of  the  atomic  weight. 

Note  5.  To  determine  the  composition  of  the  mole- 
cular quantity  it  is  not  necessary  to  analyze  that 
quantity.  The  numbers  are  calculated  from  the  known 
percentage  composition  and  the  gas-density. 

Note  6.  The  highest  common  factor  here  considered 
is  a  number  whose  accuracy  depends  on  molecular 
weights,  and  therefore  on  gas-densities.  The  latter  can- 
not be  measured  with  very  high  accuracy ;  but  from  the 
highest  common  factor  we  can  find  the  order  of  mognikule 
of  the  required  number,  and  are  in  a  position  to  choose 
it  from  several  possible  values,  each  of  which  can  be 
determined  accurately.  Since  analysis  of  pure  hydro- 
chloric acid  shows  that  it  contains  i  gram  of  hydrogen 
to  35'46  grams  of  chlorine,  and  its  molecular  weight  is 
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about  36'5,  the  atomic  weig-ht  of  chlorine  can  only  be 
35-46,  or  an  aliquot  part  of  that.  The  highest  common 
factor  is,  however,  of  the  order  35*5^  follows  that 

the  exact  atomic  weight  is  35-46. 

Note  7.  The  molecular  weight  too  can  only  be  ob- 
tained approximately  from  the  gas-density.  Here  too, 
then,  the  results  should  be  corrected  by  the  data  derived 
from  analysis,  as  will  be  explained  later  (see  §  21). 

§  19.  [c)  Nzmiej'  of  atoms  in  the  molecule.  When  in 
a  compound  we  know  the  qualitative  and  quantitative 
composition,  the  molecular  quantity,  and  the  atomic 
weights  of  the  elements,  it  is  easy  to  find  the  number 
of  atoms  in  the  molecule.  For  that  purpose  it  is  only 
necessary  to  divide  the  quantity  of  each  element  that 
occurs  in  the  molecular  quantity  of  the  compound  by  its 
atomic  weight. 

Examples.  The  molecular  quantity  of  ethyl  alcohol  is 
46  grams  :  these  46  grams  contain  24  grams  of  carbon, 
16  of  oxygen,  and  6  of  hydrogen.  The  atomic  weights 
of  carbon,  oxygen,  and  hydrogen  are  I2, 16,  and  i.  The 
molecule  of  ethyl  alcohol  accordingly  contains  3  atoms 
of  carbon,  i  of  oxygen,  and  6  of  hydrogen. 

The  molecular  quantity  of  oxygen  is  3  a  grams.  The 
molecule  of  oxygen,  therefore,  contains  %  atoms. 

The  molecular  quantity  of  phosphorus  is  126;  the 
atomic  weight  is  31,  and  the  number  of  atoms,  there- 
fore, 4. 

Note.  Certain  reactions  lead  to  a  knowledge  of  the 
number  of  atoms  in  the  molecule,  without  investigating 
the  molecular  quantity  or  the  atomic  weight. 
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I  litre  of  hydrogen  and  i  of  chlorine  unite  to  form 
a  litres  of  hydrochloric  acid  gas.  If  hydrogen  and 
chlorine  were  monatomic  gases,  then  after  the  reaction 
there  would  be  only  half  as  many  molecules  as  before, 
and — according  to  Avogadro-'s  rule — the  volume  of  the 
acid  would  be  only  half  that  of  the  reacting  gases.  But 
if  chlorine  and  hydrogen,  as  well  as  hydrochloric  acid, 
are  assumed  to  consist  of  diatomic  molecules,  then  the 
number  of  molecules,  and  therefore  the  volume,  will 
not  be  affected  by  the  reaction.  As  a  matter  of  fact, 
no  contraction  occurs  in  the  reaction  considered. 

It  may  be  put  thus :  the  litre  of  hydrogen  occupies, 
after  the  reaction,  two  litres,  so  that  each  molecule  must 
have  split  into  two  parts. 

In  the  same  way  we  may  consider  the  formation  of 
two  litres  of  steam  from  two  litres  of  hydrogen  and  one 
of  oxygen,  or  the  decomposition  of  two  litres  of  am- 
monia gas  into  one  of  nitrogen  and  three  of  hydrogen. 

From  these  facts  it  may  be  concluded  that  hydrogen, 
chlorine,  oxygen,  and  nitrogen  are  not  monatomic,  but 
at  least  diatomic.  But  such  reasoning  does  not  lead 
to  certain  results;  for  theory  and  observation  would 
still  be  in  agreement  if  the  number  of  atoms  in  the 
molecule  were  greater  than  two.  It  is  better,  therefore, 
to  solve  the  problem  by  means  of  the  molecular  quantity 
and  the  atomic  weight. 

§  20.  {d)  Number  of  atoms  in  the  molecules  of  the 
elements.  Many  elements  are  diatomic  in  the  gaseous 
state,  e.  g.  hydrogen,  nitrogen,  oxygen,  chlorine  (Hg, 
N2,0„C1J. 

Phosphorus  vapour  is        up  to  1040°;  at  higher 
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temperature  its  molecules  partially  split  up  into  Pg. 
Sulphur  vapour  at  the  boiling  point  of  sulphur  is  Sg; 
the  molecules  split  into  S3  at  higher  temperature,  and 
these  are  stable  at  the  highest  temperatures  observed. 
Monatomic  are  potassium,  sodium,  zinc,  cadmium,  and 
mercury  (K,  Na,  Zn,  Cd,  Hg)  ^  The  vapour-density  of 
the  four  first-named  elements  has  been  determined  at 
very  high  temperatures,  and  their  atomic  weights  have 
not  been  deduced  from  the  molecular  quantity,  but  in 
other  ways. 

The  vapour-density  of  mercury  is  100,  so  that  its 
molecular  qiiantity  is  200  grams.  The  volatile  com- 
pounds of  that  element  which  have  been  measured  all 
contain  200  grams  of  it  in  the  molecular  quantity. 
The  number  of  such  compounds  is,  however,  small,  and 
doubts  might  be  raised  whether  mercury  really  is  mon- 
atomic. But  the  atomic  weight  of  200  is  in  agreement 
with  the  specific  heat  of  solid  mercury  (cf .  §  24) ;  and 
Kundt's  researches  on  the  velocity  of  sound  in  mercury 
vapour  give  1-67  for  the  so-called  factor  of  Laplace; 
and  according  to  the  kinetic  theory  of  gases  that  is  the 
value  it  should  have  for  a  monatomic  gas. 

§  21.  [e)  Derivation  of  the  molecxdar  formula  of  a  sub' 
stance.  The  molecular  formula  of  a  substance  expresses 
in  a  definite  symbolic  manner  its  qualitative  and  quanti- 
tative composition,  and  the  number  of  atoms  present  in 
a  molecule  in  the  gaseous  state. 

This  symbolic  expression  has  already  been  used.  The 

^  The  newly-discovered  argon  [and  the  others  of  the  same  class, 
helium,  &c.]  are  probably  to  be  counted  amongst  the  monatomic 
elements. 
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elements  are  represented  by  letters^  and  each  letter 
stands  for  not  merely  an  element,  but  for  the  quantity 
represented  by  its  atomic  weight.  Moreover,  the  formula 
gives  the  gas-density,  for  that  is  half  the  sum  of  the 
weights  of  the  atoms. 

The  substance  HgSO^,  for  example,  contains  for  each 
2  grams  of  hydrogen  3a  grams  of  sulphur  and  64  of 
oxygen  ;  its  gas-  or  vapour-density  is  49. 

We  will  explain  the  derivation  of  the  molecular 
formula  from  experimental  data  by  means  of  an 
example. 

Elementary  analysis  of  acetic  acid  shows  that  100 
parts  of  that  substance  contain  39-9  of  cai'bon,  6-7  of 
hydrogen,  and  therefore  53*4  of  oxygen.  The  atomic 
weights  are  C  =  i2,  H  =  i,0  =  i6j  and  the  vapour- 
density  has  been  found  to  be  30*5. 

From  the  last-mentioned  fact  it  follows  immediately 
that  the  molecular  weight  is  about  61. 

By  help  of  the  atomic  weights,  the  expression  of 
the  composition  may  be  found  in  the  following  way : 

Let  the  formula  be  CpH^O,.,  i.e.  the  substance 
contains  lip  parts  of  carbon,  q  of  hydrogen,  and  16 r 
of  oxygen.  But  the  quantities  are  in  the  ratio 
39-9  :  6-7  :  53-4,  so  that  the  formula  Hg.^O^  shows 
the  results  of  the  analysis.  From  this  we  obtain 
C3.325H0.7 03.337^  and  thence  CHg.oisOi.ooi-  The  latter 
formula  may  be  rounded  off  into  CHgO. 

The  results  of  the  analysis  are  therefore  accurately 
expressed  by  the  formula  CH^O ;  but  that  does  not 
prove  its  correctness,  for  the  formula  C^B-^^O^  would 
equally  well  agree  with  the  analysis :   so  that  all  we 
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can  conclude  is  that  the  substance  possesses  a  formula 
of  the  form  CJ1,^^0^. 

Such  a  substance,  however,  would  have  the  g-as- 
density  i^x.  But  as  the  gas-density  has  been  found 
by  experiment  to  be  30-5,  it  follows  that  x  =  %,  and  the 
formula  for  acetic  acid  C.Jl^O^. 

This  example  shows,  what  was  mentioned  in  §  18, 
note  6,  that  the  gas-density  need  only  be  determined 
approximately.  What  is  needed  is  a  value  which  will 
decide  with  what  factor  to  multiply  the  simplest  for- 
mula CHgO. 

So  to  find  the  molecular  formula  from  experimental 
data  the  following  procedure  is  to  be  adopted : — Divide 
the  percentage  number  of  each  element  by  its  atomic 
weight;  round  off  the  quotients  thus  obtained  to  the 
whole  numbers  they  approach;  the  gas-density  corre- 
sponding to  the  simplest  formula  thus  found  is  divided 
into  the  gas-density  found  by  experiment,  and  the 
round  whole  number  so  obtained  multiplied  into  the 
simplest  formula. 

ProLlems.  To  find  the  molecular  formulae  in  the 
following  cases. 

I.  An  organic  substance  of  the  following  composition  : 

C  =51.9 

H=i3-i, 
and  therefore       O  =  35-0, 

the  gas-density  being  22-7. 

a.  A  hydrocarbon  containing 

C  9a  per  cent. 

H  77  per  cent.; 

the  gas-density  being  38-8. 

D 
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3.  A  substance  containing-  in  100  parts 
73*8  of  carbon, 

8-7  of  bydrog-en, 
1 7*1  of  nitrogen, 
tbe  gas-density  being  80-2. 

Note  i.  If  tbe  molecular  quantity  is  known  by  any 
otber  method,  the  molecular  formula  may  be  found  in 
the  same  way. 

The  molecular  formula  therefore  exjoresses  the  results 
of  the  analysis  and  the  gas-density,  and  further,  the 
number  of  atoms  in  the  molecule,  but  not  the  mode 
of  arrangement  of  the  atoms.  But  it  is  essential  to 
be  able  to  express  the  arrangement  if  two  different 
substances  have  the  same  molecular  formula.  In  point 
of  fact,  that  case — known  as  isomerism — occurs  fre- 
quently in  organic  chemistry.  Moreover,  the  conception 
of  a  definite  arrangement  of  the  atoms  in  a  molecule 
puts  us  in  a  position  to  express  the  behaviour  of  the 
substance  in  many  reactions. 

A  formula  in  which  the  arrangement  of  the  atoms  is 
indicated  is  called  a  constitutional  formula  or  structural 
formula ;  and  although  the  value  of  such  formulae 
should  not  be  overrated — for  all  the  reactions  of  the 
substance  do  not  always  lead  to  the  same  conclusion 
as  to  structure,  and  which  reaction  should  be  taken 
as  decisive  of  the  constitution? — yet  in  the  practice 
of  chemistry  their  use  is  very  great,  for  they  always 
bring  under  one  expression  many  relations  of  the  sub- 
stance. 

Examples.  Ethyl  alcohol  and  dimethyl  ether — whose 
molecular  formulae  are  both  C^HoO — are  isomers.  The 
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first  of  tlie  two  is  attacked  by  sodium,  with  formation, 
of  sodium  ethylate^  whose  composition  is  given  by  the 
formula  C^HgONa.  Dimethyl  ether  has  no  action  on 
sodium.  This  difference  in  chemical  properties  may  be 
expressed  by  giving  the  alcohol  the  structural  formula 
C2H5OH,  and  the  ether  (0113)20 ;  for  according  to 
these  formulae  there  exists  an  analogy  between  alcohol, 
C^HgOH,  and  water,  HOH,  which  makes  the  reaction 
with  sodium  appear  natural,  whilst  in  the  structural 
formula  (CHg)^©  this  analogy  does  not  exist. 

Acetic  acid  and  methyl  formate  are  isomeric,  having 
the  molecular  formula  CgH^Oj.  In  acetic  acid  one 
hydrogen  atom  can  be  replaced  by  sodium,  by  the  action 
of  soda :  methyl  formate  is  not  suited  to  such  a  substi- 
tution ;  when  it  is  boiled  with  soda  it  is  decomposed 
into  methyl  alcohol  and  sodium  formate.  This  differ- 
ence in  behaviour  towards  sodium  is  expressed  in  the 
formulae  CH3COOH  for  acetic  acid,  and  HCOOCH3 
for  methyl  formate. 

The  decomposition  into  groups  may  be  carried  further, 
and  ethyl  alcohol,  e.  g.,  written 

H3  =  C-C/  , 

and  acetic  acid 

H3  =  C-Cf 

\0H 

The  meaning  of  the  lines  in  these  formulae  will  be 
explained  later  (cf.  §  22). 

In  the  above-mentioned  cases  it  is  enough  to  designate 
the  groups ;  but  often  this  description  is  not  sufficient 
to  express  the  difference  between  isomers,  and  it  is 

D  % 
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iieeessaiy  to  determine  exactly  the  position  of  the 
groups  in  their  mutual  relations,  and  to  treat  the 
molecule  as  a  figure  in  three  dimensions,  and  not  as 
a  flat  figure  whose  parts  can  lie  in  one  plane,  e.  g.  that 
of  the  paper. 

Considerations  on  this  point  led  van  't  Hoff  and 
Le  Bel  to  a  theory  (1877)  which  puts  us  in  a  position 
to  explain  many  important  cases  of  isomerism,  and 
express  them  by  formulae.  We  will  develop  and  explain 
here  one  of  the  most  important  results  of  that  theory. 

There  are  cases  in  which  two  substances  have  the 
same  chemical  properties  and,  accordingly,  the  same 
constitutional  formula,  whilst  they  differ  in  that  the 
solution  of  the  one  turns  the  plane  of  polarization  to 
the  right,  while  the  other  turns  it  to  the  left  by  an 
equal  amount.  The  phenomenon  follows  this  rule : 
When  in  the  molecule  of  an  organic  compound  a  carbon 
atom  appears  in  the  constitutional  formula  combined 
with  four  mutually  different  atoms  or  groujos  the  com- 
pound is  optically  active,  and  there  exist  two  forms, 
of  which  one  rotates  the  polarization  plane  as  much 
to  the  right  as  the  other  to  the  left. 

Example.  The  constitutional  formula  of  malic  acid 
is  the  following : 

COOH 

I 

HCOH 
I 

I 

COOH. 
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The  carbon  atom  of  the  group  H-C-OH  is  a  so-called 

asymmetric  carbon  atom;  it  is  connected  with  four  dif- 
ferent groups  (COOH),  H,  OH,  and  (CH2COOH); 
malic  acid  is  accordingly  optically  active. 
Tartaric  acid  has  the  constitutional  formula  : 

COOH 
I 

HCOH 
I 

HCOH 

I 

COOH, 

and  thus  contains  two  asymmetric  carbon  atoms  :  it  is 
optically  active. 

As  has  been  mentioned,  the  presence  of  such  a  carbon 
atom  causes  the  existence  of  two  active  forms  ;  but  there 
is  always  a  third  form  which  is  inactive,  produced  by 
union  of  the  two  active  modifications.  An  important 
example  of  these  double  molecules,  which  are  commonly 
formed  when  the  substance  is  produced  artificially,  is 
racemic  acid,  which  is  inactive,  and  results  from  a 
combination  of  right-  and  left-handed  tartaric  acid. 
Such  a  substance,  however,  may  always  be  divided  into 
the  two  active  components. 

It  is  noteworthy  that  in  addition  to  the  two  active 
forms  and  the  neutral  form  of  tartaric  acid,  there  exists 
a  fourth  modification,  which,  like  racemic  acid,  is  in- 
active, but  cannot  be  decomposed.  This  is  not  in 
contradiction  with  the  theory;  for  tartaric  acid  contains 


38        PHYSICAL  CHEMISTRY  FOR  BEGINNERS 


two  asymmetric  carbon  atoms,  of  exactly  equal  influ- 
ence, since  the  molecule  consists  of  two  similar  halves. 
Each  half  causes  an  equal  rotation  of  the  plane  of 
polarization,  and  the  two  may,  according  to  their 
geometrical  arrangement,  both  rotate  to  the  right,  or 
both  to  the  left,  or  in  opposite  senses. 

In  the  latter  case  the  rotations  compensate,  and 
a  molecule  results,  which  is  not  divisible,  although  it 
is  optically  inactive. 

The  following  is  an  explanation  of  this  behaviour 
of  optically  active  substances  : — 

Van 't  Hoff  pictured  an  active  substance  as  a  figure 
in  three  dimensions.  The  asymmetric  carbon  atom  is 
at  the  centre  of  a  tetrahedron,  and  from  it  four  forces 
are  exerted  in  the  direction  of  the  corners,  which  unite 
the  asymmetric  carbon  atom  with  the  groups  placed 
at  the  corners  of  the  tetrahedron.  If  the  central  carbon 
is  asymmetric,  that  implies  that  the  four  groups  are 
different,  and  the  substance  having  the  formula 
CRiR^RaR^  may  form  the  two  following  figures^ 


These  two  figures  are  not  congruent;  for  it  is  not 
possible  to  rotate  them  so  that  all  the  similar  groups 
agree  in  position.     Moreover,  each  in  itself  is  com- 


THE  PROPERTIES  OF  GASES  39 


pletely  asymmetric— possessing  no  plane  o£  symmetry. 
But  if  two  of  the  groups  are  alike,  then  one  plane  of 
symmetry  arises,  and  it  is  possible  to  turn  the  figures 
so  as  to  be  precisely  similar. 

The  conception  of  the  molecule  as  a  tetrahedron  thus 
puts  us  in  a  position  to  represent  optical  isomerism  by 
formulae. 

This  connexion  between  the  structure  of  the  molecule 
and  optical  activity  follows  from  experience,  in  so  far 
that  in  all  optically  active  bodies  the  presence  of  one 
or  more  asymmetric  carbon  atoms  has  been  proved. 
The  theory  is,  moreover,  supported  by  the  fact  that  in 
solids  the  property  of  rotating  the  plane  of  polarization 
is  associated  with  crystallization  in  asymmetric  forms. 

Note  2.  A  molecular  formula  only,  properly  speak- 
ing, exists  for  bodies  which  can  be  vaporized  without 
decomposition.  Thus  the  molecular  weight  is  derived 
from  the  gas-density,  or  sometimes  in  other  ways — e.  g. 
from  the  osmotic  pressure  in  solution  (cf.  §  57,  note  4), 
or  from  considerations  on  the  constitution.  If  the  mole- 
cular weight  is  unknown,  the  simplest  formula  in 
accordance  with  the  results  of  analysis  is  used,  and 
the  formula  is  then  nothing  more  than  the  expression 
of  the  qualitative  and  quantitative  composition. 

Note  3.  In  many  cases  when  the  molecular  weight 
has  not  been  found  from  the  gas-density,  but  from  other 
data,  the  experimentally  found  gas-density  has  not 
agreed  with  that  calculated  from  the  foi-mula.  The 
molecular  formula  of  ammonium  chloride,  for  example, 
is  NII4CI.  According  to  that  the  gas-density  should 
be  2675  :  just  half  that  is  found  to  be  the  case.  This 
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depends  on  the  fact  that  ammonium  chloride  is  not 
vaporized  as  such,  but  in  evaporating  dissociates  into 
NH3  and  HCh  A  molecule  of  ammonium  chloride  thus 
yields^  on  vaporization,  two  molecules,  which,  according* 
to  Avogadro^s  hypothesis,  take  up  twice  as  much  space. 
This  phenomenon  will  therefore  occur  in  general  when 
a  substance  splits  up  into  simpler  molecules  on  con- 
version into  vapour. 

If  we  treat  these  cases  as  cases  of  abnormal  gas- 
densities  we  may  say :  The  gas- density  of  a  substance 
is  abnormal  when  it  does  not  accord  with  the  molecular 
formula  (cf.  §  14  and  §  17,  note  5). 

Note  4.  A  notion  of  the  size  of  liquid  molecules 
has  lately  been  attained  from  the  phenomena  of  surface 
tension  treated,  from  the  molecular  point  of  view.  It 
appears  that  in  liquids  association  frequently  occurs, 
i.  e.  that  the  molecules  of  a  liquid  are  frequently  mul- 
tiples of  the  molecules  in  the  gaseous  form. 

The  liquid  molecules  are  associated  in  water,  all  the 
alcohols,  glycols,  and  organic  acids,  most  ketones,  pro- 
pionitril,  nitroethane,  phenol,  nitric  acid,  sulphuric  acid. 

The  liquid  molecules  are  not  associated  in,  e.  g.,  CSg, 

N,04,  sici^,  PCI3,  P0CI3,  s,c]2,  socio,  SO.CIg, 

Ni(C0)4,  CsHjg,  CH„  C2H5I,  C^H.SH,  (C.H^O, 

CH2C2H3O 

CC1,CH0,    HCOOCH3,    ClCOOC.Hg,  I 

COOC2H5 

CH3 

I  ,CeH3,  CeH.Cl,  CeH,NO„  CeH.NHg,  pyri- 
COCl 

dine,  quinoline. 

It  has  been  shown  further  that  the  degree  of  asso- 
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ciation  depends  on  temperature.  The  size  of  tlie  liquid 
molecule  usually,  on  rise  of  temperature,  approaches  that 
of  the  gas  molecule,  and  at  moderately  low  temperatures 
there  exists  in  the  hquid  an  equilibrium  between  asso- 
ciated and  unassociated  molecules.  The  relation  between 
temperature  and  degree  of  association  for  certain  bodies 
is  shown  in  the  following  table  : — 


-89.8°C. 

+  20° 

100° 

140° 

200° 

280° 

•Methyl  alcohol 

2-65 

2-32 

2.08 

1.97 

1.81 

Ethyl  alcohol 

.  2-03 

1.65 

1-39 

1.27 

Water 

1-64 

1.41 

1-29 

Acetic  acid 

2.13 

1.86 

1-72 

1-53 

1-30 

Sulphuric  acid  at  moderate  temperatures  consists  of 
liquid  molecules  (112804)32;  above  130°  C.  these  de- 
compose into  smaller  complexes. 


§22.  (/)  Valency  of  the  elements.  The  so-called  c/oc^nW 
of  valency  is  connected  with  Avogadro's  hypothesis.  If 
we  study  how  many  atoms  of  any  element  one  atom 
of  a  certain  element  can  take  up  to  form  a  saturated 
compound,  we  find  that  the  number  is  different  for 
different  elements.  This  capacity  is  called  the  valency 
of  the  element ;  it  may  be  measured  by  the  number 
of  hydrogen  atoms  with  which  an  atom  of  the  element 
in  question  can  combine  to  form  a  molecule. 

The  elements  of  which  one  atom  can  take  up  the 
same  number  of  hydrogen  atoms  are  of  equal  valency ; 
and  those  elements  are  clearly  of  equal  valency  which 
can  combine  with  one  another  to  form  a  molecule  con- 
taining one  atom  of  each. 

Chlorine,  bromine,  iodine  are  univalent,  for  they 
form  the  compounds  HCl,  HBr,  HI.     Oxygen  and 
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sulphur  are  divalent,  forming-  H^O^  HgS.  Nitrogen 
and  phosphorus  are  trivalent,  with  NHg  and  PHg; 
carbon  and  silicon  tetravalent,  CH^,  SiH^.  Of  the 
same  valency  are  chlorine,  brominCj  and  iodine ;  oxygen 
and  sulphur;  nitrogen  and  phosphorus;  carbon  and 
silicon. 

The  valency  may,  under  some  conditions,  be  derived 
from  the  number  of  atoms  of  some  other  univalent 
element  with  which  an  atom  of  the  element  considered 
can  unite.  Multivalent  elements  cannot,  however,  as 
a  rule,  be  used  to  determine  valency,  since  mutual 
saturation  of  the  atoms  of  such  elements  often  takes 
place.  Moreover  it  is  amongst  the  multivalent  elements 
that  variable  valency  often  occurs,  i.  e.  the  fact  that  the 
same  element  may  appear  in  different  compounds  with 
different  valencies. 

In  ferrous  chloride,  FeClg,  iron  is  divalent;  in  ferric 
chloride,  FeClg,  trivalent.  From  the  formulae  of  nitric 
peroxide,  NOg,  and  sulphuric  anhydride,  SO3,  it  is  not 
possible  to  settle  the  valency  of  nitrogen  or  sulphur 
with  certainty. 

If  the  theory  of  valency  were  a  logical  deduction 
from  sharply  defined  conceptions,  it  would  be  possible 
to  determine  a  ^priori  the  formulae  of  compounds  from 
the  valency  of  the  elements.  Actually,  the  application 
of  the  theory  is  much  restricted  in  consequence  of 
variable  valency  and  unsaturated  compounds.  There 
is  no  general  rule,  either,  that  the  highest  valency  of 
an  element  occurs  in  its  most  stable  compounds.  Mn  Cl^ 
is  less  stable  than  MnClg,  while  ferrous  compounds, 
on  the  other  hand,  are  easily  oxidized  to  ferric.    It  is 


THE  PROPERTIES  OF  GASES 


43 


only  in  saturated  compounds  of  and  H  that  it 

is  possible  to  assume  that  those  elements  have  a  valency 
of  4,  2,  and  i  respectively,  and  so  in  many  cases  to 
determine  the  constitution  of  a  saturated  organic  com- 
pound from  its  molecular  formula. 

E.g.  the  molecular  formula  CgHgO  can  only  belong 
to  tioo  isomeric  substances.  The  carbon  and  oxygen 
have  between  them  ten  valencies,  of  which  six  are 
needed  to  saturate  the  six  univalent  hydrogen  atoms. 
If  these  six  are  supplied  by  the  carbon  atoms,  there 
remain  only  two  to  this  element  which  the  oxygen 
can  utilize,  and  we  get  the  formula  H3C.O.CH3  of 
methyl  oxide. 

But  if  one  of  the  valencies  of  the  oxygen  is  saturated 
with  hydrogen  (the  oxygen  atom  cannot,  in  this  case, 
be  saturated  with  two  hydrogen  atoms),  the  other 
valency  of  the  oxygen  must  serve  to  connect  it  with 
a  carbon  atom.  The  latter  element,  therefore,  uses  five 
of  its  eight  valencies  to  unite  with  the  hydrogen,  one 
for  oxygen,  and  the  remainder  saturate  one  another, 
giving  the  formula  HO.CHg.CHg,  that  of  ethyl  alcohol. 

Frohlems.  i.  Deduce  the  constitutional  formulae  of 
sahiratecl  substances  possessing  the  molecular  formula 
C3H3O. 

2.  Find  the  constitutional  formulae  of  the  substances 
whose  molecular  formula  is  CgH^O.^,  remembering  that 
in  those  compounds  07ie  oxygen  atom  occurs,  both  of 
whose  valencies  are  saturated  by  the  same  carbon  atom. 

3.  The  same  problem  for  substances  of  the  molecular 
formula  CgHgOg,  assuming  that  they  all  contain  the 
univalent  group  carboxyl  OC.OH, 
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The  valencies  (bonds)  or  units  of  affinity  are  commonly 
written  as  strokes  proceeding-  from  an  atom,  mutual 
saturation  being  expressed  by  a  joining-  stroke.  Thus 
methyl  oxide  may  be  written 

H-^C— O— C^H, 

and  ethyl  alcohol 

H.  .0-H 
H-^C-C^H 

In  unsaturated  carbon  compounds  (i.  e.  compounds  in 
which  the  carbon  atoms  are  unsaturated)  this  condition 
is  usually  indicated  by  joining  the  carbon  atoms  by  two 
or  three  strokes  :  e.  g.  ethylene 

\h 

acetylene  H — C  =  C — H. 

One  should  beware  of  regarding  these  symbols  as 
representing  forces;  they  express  nothing  more  than 
certain  unsaturated  states  as  they  occur  in  ethylene  and 
acetylene. 

The  terms  double  and  triple  bond  must  not  therefore 
be  taken  to  mean  stronger  forces  between  the  atoms,  but 
only  the  degree  of  saturation. 

The  quadrivalence  of  carbon  forms  the  point  of  de- 
parture for  the  stereochemical  theory  of  van^'t  HofE  and 
Le  Bel.  We  cannot  here  enter  into  the  discussion  of  the 
treatment  of  unsaturated  compounds  by  this  theory. 

§  23.  [g)  Theoretical  proof  of  Gay-Lussac  s  Imo  on  the 
reactions  of  gases.    In  §  5,  note  4,  it  was  shown  how 
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tlie  coefficients  in  a  chemical  equation  may  be  found. 
It  appeared  that  whole  numbers  for  the  coefficients 
can  always  be  found,  and  that  therefore  any  chemical 
equation  has  the  form : 

in  which     q,  r,  s...  are  whole  numbers. 

If  now  gaseous  substances  occur  in  the  equation, 
then — since  according*  to  Avogadro^s  hypothesis  each 
molecule  occupies  one  unit  of  volume — the  volume  of 
each  substance  must  be  in  proportion  to  its  coefficient  in 
the  equation,  and  as  the  latter  are  rational  numbers 
must  be  in  rational  proportion. 

Problems,  i.  One  litre  of  methane,  CH^,  is  burnt  with 
the  required  amount  of  oxygen  to  carbon  dioxide  and 
steam.  What  is  the  volume  of  the  oxygen,  and  of  the 
products  of  combustion  ? 

2.  Ten  grams  of  ethyl  alcohol  are  burnt  in  air.  What 
is  the  volume  of  air  required,  and  that  of  the  products 
of  combustion? 


CHAPTER  IV 

SOME  POINTS  IN  THERMO- CHEMISTRY 

§  24.  Law  of  Dulong  and  Petit.  The  product  of 
the  atomic  weight  and  the  specific  heat  of  all  elements 
in  the  solid  state  is  nearly  the  same,  viz.  6-4. 
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Table  of  the  Elements  which  approximately 

FOLLOW  DuLONG  AND  PeTIT's  LaW. 


Element. 

Atomic 
weight 
(approximate). 

Specific  heat. 

Product  or 
atomic  lieat. 

Lithium  .... 

7 

0-9408 

6-6 

Sodium  

23 

0.2934 

6.76 

Magnesium     .    .  . 

24.4 

o»2499 

609 

Aluminium     .    .  . 

27 

0-214 

5-8o 

Phosphorus  (yellow) 

31 

0.1 74-0.190 

5-4o-5-8r 

Sulphur  (rhombic)  . 

32 

0-1776 

5-70 

Potassium  ;    .   .  . 

39 

0.1665 

6.47 

Calcium  

40 

o-i69-o.i72 

6.74-6-9 

Scandium  .... 

44 

0-153 

6-7 

Chromium  .... 

52 

0-1216 

6.32 

Manganese  •    .    .  . 

55 

0.1217 

669 

Iron  

56 

0.1138 

6-37 

Cobalt  

59-5 

0-1067 

6-35 

Nickel  

59 

0-1092 

6.44 

Copper   

63-5 

0.093-0-095 

5-9-6.0 

Zinc  

65-5 

0.0956 

6-26 

Gallium  

70 

0-079 

5-53 

Arsenic  

75 

00814 

6-II 

Selenium  .... 

79 

0-0746 

5-9 

Bromine  .... 

80 

0-0843 

6-74 

Zirconium  .... 

90 

o-oooo 

6-94 

Molybdenum  .    .  . 

96 

0-0722 

6.92 

Ruthenium     .    .  . 

102 

o.o6ii 

6.23 

Ehodium  .... 

103 

0.058 

5-98 

Palladium  .... 

106 

0.0593 

0.2o 

Silver  

108 

0-0570 

6-15 

Cadmium  .... 

112 

0.0567 

6-36 

Indium  

"3-5 

0-0565-0-0574 

6-42-6.53 

Tin  

118 

0.0562 

6-64 

Antimony  .... 

120 

0.0508 

6-II 

Tellurium  .... 

125 

0.0474 

5-94 

Iodine  

127 

0.0541 

6.S6 

Lanthanum     .    .  . 

I38-5 

0.0448 

6-  20 

Cerium  

140 

0-0448 

6.27 
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Elemeata 

Atomic 

WAl  0'Vl  h 

(approximate). 

Spscific  Lctit. 

Product  or 
atomic  heat. 

Tungsten  .... 

184 

0.0334 

0-15 

191 

0.0311 

5 '9 

0'0320 

6-30 

Platinum  .... 

195 

©•0324 

6.31 

197 

0.0324 

6-39 

Mercury  (solid)    .  . 

200 

0.0319 

6-38 

Thallium  .... 

204 

0.0336 

6.86 

207 

0.0314 

6.49 

Bismuth  .... 

208 

0-0308 

6-40 

Thorium  .... 

233 

0-0276 

6.41 

Uranium  .... 

239 

0-0277 

6.65 

Note  i.  This  law  was  discovered  in  181 9.  It  may 
be  expressed  in  the  following  way :  The  atomic  heat  is  a 
nearly  constant  quantity  for  all  solid  elements. 


Note  2.  The  deviation  from  the  value  6-4  is  so  great 
for  certain  elements — Si_,  and  Be — that  they  cannot 
be  included  under  Dulong  and  Petit^s  law.  But  their 
atomic  heat  approaches  the  normal  value  with  rise  of 
temperature.    At  ordinary  temperatures  we  have  : 


Element. 

Atomic 
weight. 

Specific  heat. 

Atomic 
heat. 

Beryllium  .... 
Carbon  (diamond)  • 

9.1 

II 
12 
28.1 

0.408 
0.238 
C.I  2 
0-170 

3-  7 
2.6 
1.44 

4-  77 

but  at  high  temperatures  : 

Element. 

Atomic 
weight. 

Specific  heat. 

Atomic 
heat. 

Beryllium  at  257°  C. 
Boron  at  600°  C.  .  . 
Carbon  at  1000°  C.  . 
Silicon  at  232°  C. 

9.1 
II 
12 
28.1 

0-58 
0-5 

0-459 
0.203 

5.28 

5-5 
.5-6 

,';-7 
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It  should  be  noted  that  the  specific  heat  of  each  allo- 
tropic  modification  of  a  solid  element  is  different. 

§  25.  Joule's  law.  An  element  in  a  solid  compound 
has  the  same  atomic  heat  as  in  the  solid  free  state. 

Note  i  .  This  law  was  announced  in  1 844.  It  may 
also  be  formulated  in  the  folio  wing-  way :  The  molecular 
heat  of  a  compound  is  the  sum  of  the  atomic  heats  of  the 
elements  composing*  it.  Elements  which  show  deviation 
from  the  law  of  Dulong  and  Petit  carry  those  deviations 
into  their  compounds.  The  law  of  Joule  enables  us  to 
determine  approximately  the  atomic  heat  of  those  ele- 
ments which  cannot  be  studied  in  the  solid  state  free. 
From  the  molecular  heat  of  silver  chloride^  diminished 
by  that  of  silver^  it  appears  that  the  atomic  heat  of 
chlorine  is  6  to  6-4.  Further,  the  following"  values  have 
been  obtained  from  the  molecular  heat  of  compounds  : 


Element. 

Atomic  weight. 

Atomic  heat. 

I 

3-3 

do.     (as  palladium 

hydride)    .  . 

I 

5-9 

16 

14 

6.4  (?) 

19 

5 

35-5 

6.4 

The  law  of  Joule  may  also  be  applied  with  good 
effect  in  the  case  of  elements  which  cannot  be  prepared 
in  sufficient  quantity  and  purity  to  determine  their 
specific  heat  directly. 

Example.  From  the  atomic  heat  of  lead,  and  the 
molecular  heat  of  PbCOg,  we  get  the  heat  for  the 
group  CO3 ;  subtracting  that  from  the  directly  measured 
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molecular  heat  of  BaCOg,  SrCOg,  and  CaCOg,  the 
remainder  will  be  the  atomic  heats  of  Ba^  Sr,  and  Ca. 
On  the  same  principle  the  atomic  heat  of  the  follow- 
ing elements  has  been  found  : 


Element. 

Atomic  weight. 

Atomic  heat. 

85-4 

6.4 

87-5 

6.4 

6.4 

Note  %,  The  following  rule  was  stated  by  Neumann 
as  early  as  1831.  The  equivalent  quantities  of  chemi- 
cally similar  substances  have  the  same  capacity  for  heat. 
E.  g.  the  product  of  the  molecular  weight  into  the  specific 
heat  is  nearly  the  same  for  calcspar^  dolomite^  magnesite, 
spathic  iron  ore,  zinc  carbonate. 

Note  3.  The  following  table  will  serve  to  test  the 
constancy  of  the  molecular  heat  of  similar  compounds  : 


Substance. 

Specific 
heat. 

Molecular 
heat. 

Substance. 

Specific 
heat. 

Molecular 
heat. 

AgjS      .    .  . 

0-0746 

18.5 

CuCl    .    .  . 

0-1383 

13-7 

CoAsS  .   .  . 

0-I070 

17.8 

HgCl    .    .  . 

0.0521 

123 

CujS  .... 

0-I2 

19.I 

KCl  .    .    .  . 

0.1730 

12-9 

FeAsS  .    .  . 

0-I0I2 

16.5 

LiCl     .    .  . 

0.2821 

12-0 

NaCl    .    .  . 

0-214 

12-5 

AsS  .... 

1 1.9 

RbCl    .   .  . 

O.II2 

T3-5 

Cos   ...  . 

II.4 

NH4CI     .  . 

0-373 

20.0 

FeS   .    .    .  . 

0-1357 

11.9 

HgS  .    .    .  . 

0-0512 

II.9 

BaClj   .    .  . 

0.0896 

18.6 

NiS  .... 

II.6 

CaClj   .    .  , 

0.1642 

18.2 

PbS  .... 

12-2 

HgCl2  .    .  . 

0.0689 

18-7 

SnS  .... 

12.6 

MgCl2  .    .  . 

0.1946 

18.5 

ZnS  .... 

12.0 

MnClj  .    .  . 
PbClj  .    .  . 

0.1425 
0.0664 

18-0 

18-5 

13-1 

SiiClj  .    .  . 

0.1016 

19.2 

E 
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Substance. 

Specific 
heat. 

Molecular 
heat. 

Substance. 

Specific 
heat. 

Molecular 
heat. 

SrClj      .  . 
ZnCIa     .    .  , 

0- 1 1 99 
0.1362 

1  y.^j 
18.6 

TiOa     .    .  . 

0.1703 

14.0 

K2CO3  .  .  . 
Na,C03  .  . 
Kb.COs     .  . 

0.2162 
0.2728 
0.123 

29.9 
28-9 
28-4 

AgBr  .  .  . 
KBr  .... 

NaBr(impure) 

0.0739 
O.II32 
0.1384 

13-9 

13-  5 

14-  3 

BaCOa  .  .  . 
CaCOs  .  .  . 
PbCOs  .  .  . 
SrCOa  .    .  . 

0.1078 
0.2085 
0-0791 
0-1448 

21.2 
20.9 
21. 1 
21.4 

Agl  .... 

HffI  .    .  . 

o.o6i6 

14-5 

X  ^ *iJ 

136 
I3-0 

K2SO4  .  .  . 
Na^SO,  .  . 
(NH,)2S0,  . 

0.1901 
0-2312 
0-350 

33-1 

32.8 
46.2 

CujO.  .  .  . 
H^O  (solid).  . 

o.iir 

0.474 

15-9 
8-5 

BaSO^  .  .  . 
CaSO^  .  .  , 
CuSOi 

MgSO^.  .  . 
MnS04.  .  . 
PbSOi  .  .  . 
SrSOi   .    .  . 

0.108 

0.1966 

0- 1 84 

0.2216 

0.182 

O.0S72 

0.1428 

0.174 

25.2 
26.7 

•'9-3 
26.6 

27-5 
26.4 
26-2 
20 

CuO  .... 
HeO  .... 
MgO  .... 
MnO.    .    .  . 

PbO  .... 
ZnO  .... 

0.142 

0.276  ^ 
0.1570 

0.0512 
0.1248 

"•3 
1 1 .2 

II-O 

11-  i 

12-  1 
1 1.4 
lO.I 

C0S04  +  7H20 

FeS04  +  7H20 
MgS04  +  7H20 
Zn  &O4  +  ^n-i^J 

0-343 
0-346 
0.407 

0-347 

96.4 
96.3 
100.1 
99-7 

AloO,  .  ,  . 
As.Os  •  •  • 
BjOg  ... 
Bi2  03     •    .  . 

SbjOs     .    .  . 

0.1279 

0.2374 

0.0605 
0.1 670 
0.0901 

22. 5 

25-  3 
16.6 
28.3 

26-  7 

26.3 

KNO3  .  .  . 
NaNOg  .  . 
NH4NO3   .  . 

0.2388 
0.2782 

0-455 

24.1 
23-6 
36-4 

MnOa     ,    .  . 

0.159 

13.8 

BaNjOg     .  . 

0-1523 

39S 

"•5 

PbN^Os     ,  . 

O.IIO 

36-4 

14.0 

SrNjOe     .  . 

0.181 

38-3 

§  26.  Application  of  the  two  laws  to  determine 
atomic  weights.    When  an  element  forms  no^  or  only 


*  According  to  another  experiment  0-2439. 
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a  feWj  volatile  compounds^  it  is  not  possible  to  determine 
the  atomic  weight  from  the  gas-densities.  Knowledge 
of  the  specific  heats  may^  however,  lead  to  the  quantity 
required,  as  the  following  example  will  show. 

To  find  the  atomic  weight  of  platinum.  The  true 
formula  of  the  chloride  is  unknown :  let  us  call  it 
PtpClg.  Then  the  quantitative  composition  may  be 
expressed  by  the  formula  Pt^  CI ;  but  from  the  analysis 

it  is  known  that  35*5  grams  of  chlorine  combine  with 
48-6  of  platinum.  Moreover,  the  specific  heat  of  platinum 
has  been  measured,  and  found  to  be  0-0324;  the  atomic 
weight  is  therefore  of  the  order  of  magnitude 

6-4- 0-0324  =  197-5. 
The  fraction  -  must  be  the  ratio  of  two  whole  num- 

hers,  and  must  be  near  to      ^  .    It  is  at  once  obvious 

197-5 

p 

that  this  fraction  is  about     so  that  -  may  be  assumed 

as  The  formula  of  the  chloride  is  therefore  PtCl^, 
and  the  atomic  weight  of  platinum  4x48-6=  194-4. 
This  conclusion  is  not  invalidated  by  the  objection  that 
the  formula  of  platinum  chloride  may  be  a  multiple  of 
PtCl^. 

The  law  of  J oule  may  be  used  in  the  following  way  to 
determine,  e.  g.,  the  atomic  weight  of  barium.  1  kg.  of 
lead  combines  with  0-0582  kg.  of  carbon  and  0-233  ^g"-  of 
oxygen  to  fonn  white  lead,  whose  specific  heat  is  0-080. 
The  thermal  capacity  of  1-29 12  kg.  of  white  lead  is  there- 
fore C-1033  calories.  The  capacity  of  i  kg.  of  lead  is  0-031 

E  2 
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calories,  so  that  0-0582  kg-,  of  carbon +  0-233  ^'8"-  0^ 
oxygen  have  together  a  capacity  of  0-0723  calories.  But 
0-665  kg.  of  barium  combine  with  the  same  mass  of  carbon 
and  oxygen  to  form  0-956  kg.  of  barium  carbonate.  The 
capacity  of  the  latter  is  0-108  calories  x  0-956  =  0-1032 
calories.  So  the  capacity  of  0-665  kg.  of  barium  is 
0-0309  calories,  and  of  i  kg.  of  barium  0-0465  calories. 
From  this  it  follows  that  the  atomic  weight  of  barium 
is  of  the  order  of  magnikule  6-4-^0-0465  =  138.  In 
barium  chloride,  however,  35-5  parts  of  chlorine  go  to 
68-5  of  barium.  If  we  give  the  substance  the  formula 
BaCl2  the  atomic  weight  of  barium  appears  as  137,  in 
sufficient  agreement  with  the  value  138. 

§  27.  Heat  of  formation  and  heat  of  decomposition 
of  a  compound.  Heat  of  reaction.  Endothermic 
and  exothermic  reaction.  The  heat  of  formation  is 
the  number  of  calories  developed  when  the  molecular 
quantity  of  a  compound  is  formed  from  its  elements. 
E.g.  when  78  grams  of  sodium  sulphide  are  formed  from 
46  grams  of  solid  sodium  and  32  grams  of  solid  sulphur, 
and  the  product  of  reaction  has  been  brought  back  to 
the  original  temperature,  the  number  of  calories  ^  given 
out  in  the  process  to  the  calorimeter  is  87,  and  this 
quantity  is  the  heat  of  formation  of  sodiam  sulphide. 

This  fact  is  expressed  in  the  equation  : 
Na,,  S  =  87  Cal. 

^  I  Cal.  means  a  large  calorie,  i.  e.  the  quantity  of  heat  required 
to  raise  i  kg.  of  water  i°.  A  small  calorie  is  the  thousandth  part 
of  that,  and  may  be  designated  with  c.  A  quantity  of  loo  small 
calories  is  frequently  written  i  K.  In  this  book  only  large  calories 
will  be  used. 
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The  expression  heat  of  clecomjiosition  needs  no  further 
explanation.  The  heat  of  reaction  is  the  quantity  of 
heat  given  out  by  the  molecular  quantities  of  the 
reacting  substances,  when  the  system  has  recovered  its 
original  temperature. 

Thus  87  Cal.  is  the  heat  of  reaction  for 

2Na  (solid)  +  S  (solid)  =  NagS  (solid). 
Heat  of  reaction  is  also  written  in  the  following  way  : 
2Na  (solid)  +  S  (solid)  =  NagS  (solid)  +  87  Cal. 
NaOH  (dissolved)  +  HCl  (dissolved) 

=  NaCl  (dissolved)  +        +  137  Cal. 
Na  (solid) +  H2O  (liquid) 

=  NaOH  (dissolved)  +  H  (gaseous)  +  43-4  Cal. 

Note  t.  The  state  of  aggregation  of  the  reagents 
must  not  be  neglected  as  a  rule,  for  the  heat  of  reaction 
depends  on  it.  Thus 

NaOH  (dissolved)  +  HCl  (dissolved) 

=  NaCl  (dissolved) +  H20(liquid)+  13.7  Cal. 
but    NaOH  (dissolved  +  HCl  (gaseous) 

=  NaCl  (dissolved)  +  HgO  (liquid)  +  31  Cal. 
C  (diamond)  +  O^  (gaseous)  =  COg  (gaseous)  +  94-3  Cal. 
C  (charcoal)  +  Og  (gaseous)  =  COg  (gaseous)  +  97-6  Cal. 

The  physical  state  of  the  substances  is  often  expressed 
by  differences  of  printing.  In  this  book,  however,  we 
shall  write  down  the  state,  as  in  the  preceding  examples. 

An  exothermic  reaction  is  one  in  which  heat  is  given 
out :  an  endothermic  one  in  which  heat  is  absorbed. 
The  reaction 

2H2  (gas)  +  O2  (gas)  =  2H2O  (liquid)  +  136-8  Cal. 
is  exothermic ;  but 
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NaCg-asj  +  sClJgas)  =  aNCl^  (liquid) -77  Cal. 
is  endothermic. 

Note  2.  When  a  reaction  is  only  considered  from 
the  thermal  point  of  view  it  is  not  necessary  to  adhere 
strictly  to  molecular  nomenclature.  Thus  one  may  be 
permitted  to  write 

2H  (gas)  +  0  (g-as)  =  H,0  (liquid)  +  68.4  Cal. 
Note  3.    In  certain  important  cases  the  heat  of 
reaction  has  received  special  names.    E.  g-.  that  of  heat 
of  neutralization  is  commonly  used. 

§  28.  Calorimetrie  methods.  Reactions  which  are 
to  be  studied  calorimetrically  must  be  completed  in  a 
few  minutes.  The  most  important  of  them  may  be  put 
in  two  groups.  The  first  group  includes  the  formation 
and  mutual  action  of  salts,  processes  of  solution,  and 
dilution ;  the  second  class  consists  of  combustions.  The 
mixture  calorimeter  is  a  vessel,  sometimes  of  glass  but 
commonly  of  platinum,  in  which  the  solution  of  a  re- 
acting substance  is  placed.  The  calorimeter  is  provided 
with  a  jacket  to  protect  it  from  the  temperature  varia- 
tions of  its  surroundings,  and,  with  its  contents,  is 
brought  approximately  to  the  temperature  of  the  room. 
A  delicate  thermometer  is  sunk  in  the  liquid,  and  is 
continuously  moved.  A  second  jacket,  near  the  first, 
contains  a  small  glass  bulb,  also  with  a  thermometer ; 
and  in  this  bulb  is  placed  the  second  reagent.  The 
mercury  of  the  thermometers  is  only  occasionally  steady; 
but  as  soon  as  the  movement  of  the  mercury  is  regular, 
the  bulb  is  emptied  into  the  calorimeter,  the  liquid  well 
stirred,  the  highest  point  reached  by  the  thermometer 
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noted,  and  the  variation  of  temperature  observed  for  a 
few  minutes  after  the  highest  reading-  has  been  noted. 

In  order  to  carry  out  the  calculations  it  is  necessary 
to  know  the  thermal  capacity  of  the  liquids  (the 
calorimeter  and  the  thermometer),  the  reading  of  the 
two  thermometers  at  the  moment  of  mixing,  the 
highest  reading  of  the  thermometer  in  the  calorimeter 
after  mixing,  and  the  mass  of  the  reagents;  whilst  a 
correction  to  the  observed  rise  of  temperature  is  applied 
by  means  of  the  observed  variation  of  temperature  before 
and  after  the  mixing. 

Note  i.  In  calorimetric  investigations  on  salt- 
formation  and  the  mutual  action  of  salts,  it  is  usual  to 
work  with  very  dilute  solutions,  which  show  hardly  any 
heat  of  dilution.  In  such  solutions  the  thermal  capacity 
is  very  nearly  equal  to  that  of  the  contained  water.  To 
measure  a  heat  of  dilution,  the  solution  is  placed  in  the 
calorimeter,  and  the  glass  bulb  filled  with  water. 

Heat  of  solution  is  determined  by  bringing  the  sub- 
stance to  be  investigated  into  water  contained  in  the 
calorimeter. 

Note  a.  The  mercury  calorimeter  of  Favre  and 
Silbermann  is  no  longer  used.  The  comhustion  calorimeter 
is  a  calorimeter  inside  the  water  of  which  a  combustion 
chamber  is  fixed.  The  gases  needed  for  combustion  are 
led  into  this  chamber,  and  the  products  of  combustion 
led  away  from  it  in  such  a  manner  that  they  give  up  all 
their  heat  to  the  water  of  the  calorimeter. 

In  the  method  of  exj)losion  the  substance  is  introduced 
into  the  combustion  chamber,  the  latter  filled  with 
compressed  oxygen,  and  the  whole  brought  to  explosion 
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by  an  electric  spark.  The  method  is  applicable  both  to 
gaseous  and  to  liquid  bodies. 

§  29.  Law  of  Lavoisier  and  Laplace.  Each  com- 
pound has  a  definite  heat  of  formation,  which  is  the 
same  as  its  heat  of  decomposition. 

It  is  only  in  consequence  of  the  correctness  of  the 
first  part  of  this  law  that  we  are  enabled  to  speak  of 
a  definite  heat  of  formation.  The  second  part  of  the 
law  follows  from  the  principle  of  the  conservation  of 
energy. 

§  30.  Law  of  Hess.  The  total  evolution  of  heat  by 
a  chemical  system  in  passing  from  one  state  to  another 
is  independent  of  the  intermediate  states. 

Special  case.  The  heat  of  formation  of  a  substance  is 
independent  of  its  mode  of  formation. 

Alternative  expression.  The  evolution  of  heat  accom- 
panying a  chemical  process  is  the  same,  whether  the 
process  occurs  directly  or  by  stages. 

Example : 

K  (solid) +  HC1  (dissolved) 

=  KCl  (dissolved)  +  H  +  6i-8  Cal. 
This  reaction  may  be  divided  into  two  parts  : 

K  (solid) +  01 

=  KOH  (dissolveci)  +  H  +  (7i-i)H20  +  48.i  Cal. 

and    KOH  (dissolved)  +  HCl  (dissolved) 

=  KCl  (dissolved)  +        +  137  Cal. 

The  sum  of  the  heat  evolved  in  these  two  reactions 
is  equal  to  that  evolved  in  the  first. 

1  nil,  0  stands  for  an  indefinitely  large  quantity  of  water. 
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Note.  This  law  was  first  stated  by  Hess  (1840).  It 
is  also  called  the  law  of  the  '  constant  heat-total/  It  is 
a  particular  case  of  the  law  of  conservation  of  energy^ 
and  so  considered  it  may  be  stated  as :  The  energy  of 
a  material  system  is  a  function  of  its  state^  and  not  of 
the  processes  by  which  that  state  is  arrived  at ;  or^  The 
change  of  energy  of  a  system  in  passing  from  one  state 
to  another  depends  on  the  initial  and  final  states,  but  not 
on  the  intermediate  state. 

§  31.  Applications  of  the  law  of  Hess,    (a)  The 

evolution  of  heat  in  a  reaction  is  equal  to  the  sum  of  the 
heats  of formation  of  the  products  diminished  hy  the  sum  of 
the  heats  of  formation  of  the  reagents. 

That  this  highly  important  result  follows  from  the 
law  of  Hess  may  be  easily  seen  in  this  way. 

Consider  the  reaction 

AB  +  CD  +  ...  =  AC  +  BD  +  ...+q  Cal., 

in  which  AB_,  &c.,  are  compounds  of  the  elements  A, 
B,  &c. 

Both  the  left-  and  the  right-hand  side  of  the  equation 
is  a  form  of  the  system 

(A  +  B  +  C  +  D  +  &C.). 
The  first  form  may  be  arrived  at  by  the  reaction 
A  +  B  +  C  +  D  +  ...  =  AB  +  CD  +  ...  +r  Cal., 
and  the  second  by 

A  +  B  +  C  +  D  +  ...  =AC  +  BD  +  ...  -f-*  Cal. 
According  to  the  nomenclature  of  §  27 

r  =  A,  B  +  C,  D;       *  =  A,  C  +  B,  D. 
If  the  form  (AC  +  BD)  is  arrived  at  by  first  formino- 
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(AB  +  CD)  from  the  elements,  and  then  allowing  it  to 
undergo  a  double  decomposition,  according  to  the  law 
of  Hess  we  have 

r  +  q  =  s,    or   q  =  s  —  r, 

or  finally, 

q  =  {A,C  +  B,  D)-(A,  B  +  C,  D). 
Note.  If  the  reaction  considered  is  the  formation 
of  a  compound  from  its  elements,  the  heat  of  reaction 
is  the  same  as  the  heat  of  formation  of  the  compound, 
and  the  formation  appears  as  a  particular  case  of  the 
mle.    Thus  in  the  reaction 

K  (solid)  +  CI  (gas)  =  KCl  (solid)  +  105-6  Cal., 
the  heat  of  reaction,  105 '6  Cal.,  is  the  heat  of  formation 
of  KCl. 

(^)  Determination  of  the  heat  of  formation  ly  the  pre- 
ceding ride.  This  rule  is  important  because  by  means  of 
it  the  heat  of  formation  can  be  found  for  substances,  to 
produce  which  by  direct  union  of  their  elements  is  either 
impossible  or  difficult.  For  if  such  a  substance  takes 
part  in  a  reaction  which  proceeds  rapidly  and  can  be 
carried  out  in  the  calorimeter,  and  the  heats  of  formation 
of  the  other  substances  in  the  reaction  are  known,  from 
those  heats  of  formation  and  the  heat  of  reaction  the 
heat  of  formation  of  the  substance  considered  may  be 
found. 

Examples : 

Heat  of  formation  of  KOH.    We  have  the  reaction 
K  (solid)  +  H2O  (liquid)  +  Aq  1 

=  KOH  (dissolved) +  H  (gas) +  Aq  + 48-1  Cal. 

'  Aq  means  much  water. 
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According  to  the  above  rule 

48.1  Cal.  =  K,      H,  Aq-H2,  O  (liquid), 
but    aH  (gas)  +  O  (gas)  =  Hg  O  (liquid)  +  68.4  Cal., 
i.  e.  H2,  O  (liquid)  =  68-4  Cal., 

consequently    K,  O,  PI,  Aq  =  116-5  Cal.j 
but  in  the  solution  of  KOH  in  water 

KOH  +  Aq  =  KOH  Aq  +  13.3  Cal.  ; 

therefore 

K,  O,  H  =  K,  O,  H,  Aq-KOH,  Aq  =  103-2  Cal. 

Heat  of  formation  of  KCl.  The  immediate  formation 
of  KCl  from  its  elements  cannot  be  carried  out  in  the 
calorimeter;  but  the  heat  of  formation  can  be  deduced 
from  the  following  reaction,  which  can  be  performed  in 
a  calorimeter  easily  : 

KOH  (dissolved)  +  HCl  (dissolved) 

=  KCl  (dissolved)  +  H^O  + 13.7  Cal. 
For  according  to  the  rule 
13-7  Cal. 

=  K,  CI,  Aq  +  H2,  O  (liquid) -  H,  CI,  Aq-  K,  O,  H,  Aq. 
Of  all  the  quantities  in  this  equation,  only  K,  CI,  Aq 
is  unknown.    Inserting  the  numerical  values,  we  get 

13-7  =  K,  CI,  Aq  + 68-4 -39-3 -1 16-5, 
whence  K,  CI,  Aq  =  +  loi-i  Cal. ; 

but  KCl,  Aq   =  -    4.4  Cal., 

therefore        K,  CI       =4- 105-5  Cal. 

Prom  the  heat  of  formation  of  KCl,  KOH,  and  HgO, 
that  of  KCIO  may  be  found  by  means  of  a  reaction 
which  easily  takes  place  in  the  calorimeter : 
2KOH  (dissolved)  +  2CI  (gas) 

=  KCl  (dissolved)  +  KCIO  (dissolved)  +  25-4  Cal. 
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Heat  of  formation  of  ammonia  gas.  The  combustion 
of  ammonia  in  oxyg-en  can  be  observed  in  the  calori- 
meter : 

2NH3(gas)  +  30(gas) 

=  aN  (gas)  +  3H2O  (liquid)  +  i8i-a  Cal., 
3H2,  O  (liquid)  =  3  x  68-4  =  205-2  Cal., 
whence    N,  H3  =  ^  (205-2  — 181-2)  =  +  12  Cal. 

Heat  of  formation,  of  carbon  monoxide.  This  is  deduced 
from  the  heat  of  combustion  of  diamond  to  carbon 
dioxide,  and  the  heat  of  combustion  of  carbon  monoxide 
to  carbon  dioxide. 

C  (diamond)  +  2O  (gas)  =  CO2  (gas)  +  94-3  Cal., 
CO  (gas)  +  O  (gas)  =  CO^  (gas)  +  68  Cal., 
therefore    C,  O  =  C,  Og-  CO,  O  =  26-3  Cal. 

Heats  of  formation  of  the  hydrocayhons.  It  is  well 
known  that  of  all  the  hydrocarbons  only  acetylene  can 
be  formed  by  direct  combination  of  its  elements,  and 
that  formation  is  not  suitable  for  calorimetric  study. 
But  most  hydrocarbons  burn  easily  in  oxygen,  and 
commonly  they  can  be  made  to  explode  with  that  gas ; 
in  either  case  the  heat  of  combustion  can  be  found. 
The  products  of  combustion  are  always  carbon  dioxide 
and  water,  the  heats  of  formation  of  which  are  known, 
so  that  in  the  thermal  equation  for  the  combustion,  only 
the  heat  of  formation  of  the  hydrocarbon  is  unknown. 

This  indirect  process  has,  however,  a  disadvantage, 
viz.  that  the  heats  of  combustion  of  the  hydrocarbons 
are  large,  while  their  heats  of  formation  are  usually 
small.  So  that  an  error  which  cannot  be  avoided  even 
in  a  careful  determination  of  the  heat  of  combustion 
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will  appear  somewhat  large  in  comparison  with  the  heat 
of  formation^  and  as  this  error  will  be  introduced  into 
the  value  of  the  heat  of  formation^  the  latter  may  differ 
sensibly  from  its  true  value. 

These  circumstances  account  for  the  noticeable  differ- 
ences often  existing  between  the  results  of  even  the  best 
experimentalists.  Thus  J.  Thomsen  found  for  the  Jieat 
of  combustion  of  ethane  370  calories^  Berthelot  390,  the 
difference  being  5  or  6  per  cent.  But  if  from  these 
values  we  try  to  deduce  the  heat  of  formation  of  ethane, 
Thomsen's  measurements  give  23  calories^  while  Berthe- 
lot^s  gives  4  calories — numbers  in  complete  disagreement 
with  one  another. 

The  measurements  of  the  heat  of  combustion  of 
acetylene  have  given  results  in  good  agreement : 

C2H2  (gas)  +  50(gas) 

=  3CO2  (gas)  +  HgO  (liquid)  +  3x5  Cal., 
aC,  O2  =  188.6,  H,,  O  (liquid)  =  68-4; 

whence  C2,  H2  =  —  58  Cal. 

Heat  of  formation  oflodies  composed  of  carbon,  hydrogen, 
and  oxygen.  The  heat  of  formation  of  these  compounds 
is  derived  from  their  heat  of  combustion,  the  latter 
being  measured  by  burning  or  exploding  with  oxygen. 
The  difficulty  mentioned  above  shows  itself  here  too. 

For  the  heat  of  combustion  of  vapour  of  methyl 
alcohol,  Thomsen  found 

CH4O  (vapour) +  3O  (gas) 

=  CO2  (gas)  +  3H2O  (liquid)  +  183-3  Cal., 

therefoi-e 

C,  H4,  O  (vapour)  =  - 182-3  +  94-3  +  136-8  =  48-9  Cal. 
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(c)  Application  of  the  rule  to  predict  heat  of  reaction. 
In  the  preceding  cases  the  heat  of  reaction  was  used 
to  determine  the  heat  of  formation;  conversely,  the 
former  can  be  calculated  when  the  heat  of  formation 
of  all  the  substances  occurring  in  the  reaction  is  known. 
And  even  if  it  is  not  known  whether  the  reaction  can 
be  realized,  it  is  possible  to  predict  what  the  production 
of  heat  would  be  when  reaction  takes  place  according 
to  a  definite  equation. 

It  being  known  that 

Hg,  S,       Aq  =  Cal., 
and  Zn,  S,  O^,  Aq  =  Cal., 

it  follows  that  in  the  reaction 

Zn  (solid) +  H2S04Aq  =  ZnSO^Aq  +  Hg  (gas) 
there  must  be  an  evolution  of  37>6  calories. 
Again,  it  has  been  found  that 

K,  CI  (sohd)  =  105-6  Cal., 
K,  I  (solid)  =  80.1  Cal. ; 
hence,  when  reaction  occurs  according  to  the  equation 

KCl  (solid)  + 1  (solid)  =  KI  (solid)  +  CI  (gas), 
an  absorption  of  heat  of  l^-^  Cal.  must  take  place. 

Note.    The  following  point  must  be  considered  in 
determining  the  heat  of  formation  of  gaseous  substances. 
If  the  volume  of  the  products  of  reaction  is  not  the 
same  as  that  of  the  reagents,  as  e.  g.  in  the  reactions 
2NH3  (2  litres)  =  N2  +  3H2  (4  litres), 
3C2H2  +  5O2  (7  litres)  =  4CO,  +  3H20  (6  litres), 
aHg  +  Og  (3  litres)  =  sHgO  (2  litres), 
the  experimentally  found  quantity  of  heat  is  produced 
not  only  by  the  chemical  action,  but  by  the  pressure  of 
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the  atmosphere  during  the  change  of  volume:  comparing 
the  initial  and  final  states  of  the  system,  we  see  that 
external  as  well  as  internal  work  has  been  done  in  the 
process.  It  is  therefore  common  to  speak  of  the  heat  of 
formation  at  constant  pressure,  in  which  the  equivalent  of 
the  external  work  is  included^  and  the  heat  of  formation 
at  constant  volume,  which  is  corrected  for  the  external 
work.  Usually,  however,  this  correction  is  very  small 
compared  with  the  heat  of  formation  itself,  and  it  will 
be  left  out  of  consideration  in  what  follows. 

§  32.  Some  general  results  of  researches  on  heats 
of  formation.  Stable  and  unstable  compounds.  In  general 
compounds  are  stable  towards  heat  and  collision  when 
their  heat  of  formation  is  positive,  and  the  stability  is 
the  greater  the  greater  the  heat  of  formation.  A  negative 
heat  of  formation,  on  the  contrary,  usually  accompanies 
instability.  Steam  and  gaseous  hydrochloric  acid,  whose 
heats  of  formation  are  +  58  calories  and  +  22  calories,  are 
only  very  slightly  dissociated  at  very  high  temperatures, 
and  are  not  at  all  influenced  by  pressure  or  shock.  Chloride 
of  nitrogen,  on  the  other  hand,  whose  heat  of  formation 
is  —38  calories,  is  extremely  unstable,  and  decomposes 
into  chlorine  and  nitrogen  on  the  least  incitement.  Still, 
many  compounds  with  negative  heats  of  formation 
behave  under  most  circumstances  as  stable.  Acetylene, 
for  instance,  though  its  heat  of  formation  is  —58  calories, 
can  suffer  many  manipulations  without  being  decomposed. 
It  has,  however,  been  shown  that  this  compound  is 
unstable  when  it  is  exposed  simultaneously  to  a  sudden 
high  pressure  and  a  high  temperature. 

Substances  with  positive  heat  of  formation,  which 


64       PHYSICAL  CHEMISTRY  FOR  BEGINNERS 

decompose  partially  at  high  temperatures,  possess  the 
property  of  reforming  out  of  their  products  of  decom- 
position when  the  temperature  falls  again — they  show 
the  phenomenon  of  dissociation ;  the  change  which  they 
suffer  in  consequence  of  rise  of  temperature  is  a  reversible 
one,  i.  e.  one  which  proceeds  with  rise  of  temperature, 
and  is  reversed  with  fall  of  temperature,  so  that  when 
the  original  temperature  is  again  reached,  the  state  of 
the  material  system  is  the  same  as  at  first.  In  the  case 
of  compounds  with  a  negative  heat  of  formation,  on  the 
other  hand,  the  decomposition  when  it  once  sets  in  is 
complete  and  irreversible ;  in  this  case  the  term  dissocia- 
tion is  not  used. 

Note.  The  heat  of  formation  of  dissociable  substances 
may  be  regarded  as  a  latent  heat,  comparable  with  the 
internal  latent  heat  of  evaporation  of  water.  Although 
it  is  measured  as  an  actual  quantity  of  heat,  it  appears 
theoretically  as  latent — as  the  quantity  of  energy  which 
must  be  given  to  the  system  to  carry  out  isothermally  a 
certain  change  of  state. 

In  the  study  of  phenomena  of  dissociation  one  is 
obliged  to  use  the  heat  of  formation  as  measured  at 
low  temperatures,  and  which  is  equal  to  the  heat  of 
dissociation,  in  treating  reactions  which  occur  at  high 
temperatures ;  for  the  phenomena  of  dissociation  can 
usually  be  observed  and  studied  only  at  high  tempera- 
tures. It  is,  however,  probable  that  the  magnitude  of 
the  heat  of  formation  depends  on  the  temperature  at 
which  the  formation  or  dissociation  occurs. 

Magnitude  of  Iieats  of  reaction.  Compounds  of  a 
halogen  with  different  metals  follow  the  rule  that  the 
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heat  of  formation  is  great  for  compounds  of  the  so-called 
strong-ly  positive  metals^  and  the  greater  the  more 
positive  the  metal  is.  In  general,  chlorides  have  a  higher 
heat  of  formation  than  bromides,  and  bromides  than 
iodides.  Oxygen  comes  between  chlorine  and  bromine ; 
sulphur  is  exceeded  by  both  oxygen  and  iodine. 

Strong  acids  with  strong  bases  in  dilute  solution  all 
give  the  same  heat  of  neutralization,  ly"]  calories. 

Mixtures  of  dilute  solutions  of  neutral  salts  which  do 
not  yield  a  precipitate  cause  as  a  rule  no  change  of  heat 
(law  of  thermo-neutrality). 

The  heats  of  combustion  of  saturated  hydrocarbons 
differ  for  two  adjacent  members  of  the  same  series  by 
+  158  calories.  The  same  phenomenon  is  observed  in  the 
case  of  many  homologous  unsaturated  hydrocarbons  and 
homologous  alcohols ;  further,  in  the  case  of  homologous 
fatty  acids,  a  uniform  increase  of  the  heat  of  combustion 
for  each  CHg  is  observed. 

Tables  are  given  below  containing  specific  results  of 
thermo-chemical  researches. 

With  regard  to  heats  of  combustion  of  organic  sub- 
stances, it  must  be  expressly  noted  that  the  results  of 
Thomson's  measurements  frequently  differ  much  from 
Berthelot's. 

It  should  be  noted  further  that  the  elements  are 
assumed  in  that  state  of  aggregation  in  which  they 
occur  under  ordinary  circumstances.    Thus  in 

H,  Br  =  8.4  Cal. 
the  hydrogen  is  gaseous,  the  bromine  liquid,  and  the 
hydrobromic  acid  gaseous.     In  HgS  the  sulphur  is 
assumed  octahedral.     In  the  carbon  compounds  the 
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carbon  is  always  taken  as  solid  and  in  the  form  of 
diamond.  Thus  C,  HsjBr,  =  ii-6  Cal,  is  to  be  inter- 
preted 

C  (diamond)  +  Br  (liquid)  +  3H  (gas) 

=  CH3Br(gas)+ii.6  Cal. 


Heat  op  Formation  op  some  Compounds  of  the 
Metalloids  at  Ordinary  Temperatures. 


Substance. 

Mode  of  formation. 

Heat  produced. 

OOllCl. 

Dissolved, 

HCl    .    .  . 

TT     fi  1 

±1,  01  ... 

+  22 





+  39-3 

HBr    ,    .  . 

Xl,  ±51        .  . 

+  8-4 





+  28-4 

HI  ...  . 

TT  T 

H,  1   .    .    .  . 

-  61 





+  13-1 

H2O    .    .  . 

H,,  0  ... 

+  58 

+  68.4 

+  69-8 

H,Oa    .    .  . 

Hj,  Oa    .    .  . 





+  45-3 

H2O,  .    .  . 

HjO,  0  .    .  . 





-  23-1 

HjS    .    .  . 

H,,  S .    ,    .  • 

+  2.7 

— 

— 

+  7-3 

HzSe  .    .  , 

Hj ,  Se    .    .  . 

-25-4 

-  16.1 

H^ie  .    .  . 

-35 

NH3  .  .  . 

N,H3.    .    .  . 

+ 12 

+  20-4 

NHoOH  .  . 

N,H3,0    .  . 

+  19-4 

H3P    .    .  . 

H3,P      .     .  . 

+  4-3 

H3AS  .    .  . 

H3,  As  .    .  . 

-44-1 

N,0    .    .  . 

N^.O     .    .  . 

-17.4 

NO  ...  . 

N,  0  .    .    .  . 

-21-5 

N2O3  .    .  . 

N^.Os    .    .  . 

-  6-8 

NO.,    .    .  . 

N,  O2     .    .  . 

-  7-7 

N2O,   .    .  . 

N„0,    .    .  . 

-  2.6 

N2O5  .    .  . 

Na,  O5     .    .  . 

0 

+  I3-I 

+  29-8 

HNO3  .    .  . 

H,N,  O3    .  . 

+  41.9 

+  49-1 

HNO3  .    .  . 

I.Na,  Os.H^O) 

+  7-7 

+  14-9 

HaSjOj     .  . 

Ha,  S3,  O3  .  . 

+  145-3 

so, .... 

8,02.    •    •  • 

+  71 

+  78-8 

SO3.    .    .  . 

S,  O3.   .   .  . 

+  103-3 

+  142-5 

H2SO4  .    .  . 

S,  O4,  Hj   .  . 

+ 189-9 

+  210-9 

.SeOa    .    .  . 

Se,  Oa     .    .  . 

+  67-2 

+  56-3 
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Substance. 


Blode  of  formation 


Se,  Oi,  H2  .  . 
Te,  O2    .    .  . 

Te,  O3,  H2O  . 
^(P„0,  3H,0) 

P.,  0, 

G,  0, 
(C  diamond) 

C,  O2.    .  . 

(G  amorijh.) 
C,  0  . 

(C  diamond) 

CO,  o  . 

H,  ,  P,  0, 
As,,  O3  . 
Asj,  O5  . 
Bj,  O3  . 
Cl2,0  . 
H,  CI,  O3 
H,  CI,  0, 
Bi-j,  0  . 
H,  Br,  O3 
Ij.O,  . 
H,  I,  O3 
H,  I,  0, 

c,  s,.  . 

(C  diamond) 
CI,  I  .  . 
ICl,  Cla  . 
S2 ,  CI2  . 
S,  0,  CI2 
S,  O2 ,  CI3 
Se,  CIj  . 
Se,  Ch  , 
Te,  CI4  . 
P,  CI3  . 
P,  CI,  . 
PCI3,  CI  J 
P,  CI3,  0 


Heat  jjroduced. 


Gaseous. 

Liquid. 

Solid. 

Dissolved. 

— 

— 

— 

+  145-2 

+  77*6 

— 

— 

— 

+  98-5 

— 

— ■ 

+  37-5 

+  37-3 

+ 125.3 

+ 125.2 

+  406 

+  98.2 

+  97.6 

— 



+ 101.5 

+  26.3 

— 

— ' 

+  68 



-  002 -0 

~  0^0^ 

-r 

_ 

+  210.4 

+  2  21;. 4 



+  3^7-2 

—  17-8 

—  0-4 





+  24 

— 

+  I8-3 

— 

+  38-6 

■  



—  16.2 

+  12.3 

 ' 

+  45-3 

+  43-5 



+  57-9 

+  55-7 



— 

+  47-(> 

—  28.7 

-22.3 

— 

— 

+  £;-8 



+  I  c? 





+  SQ.8 

+  22-2 

+  46-2 

+  77-4 

+  75-5 

+  105 

+  29.7 

+ 146 

P  2, 
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Substance. 

Mode  of  formation. 

Heat  produced. 

Gaseous. 

Liquid. 

Solid. 

Dissolved. 

AsClj  .    .  . 

As,  CI3  .    .  . 

— 

+  71-5 

— 

— 

BCI3   .    .  . 

B,  CI3    .    .  . 

+  104 

— 

+  183.2 

(B  amoiph.) 

•    •  • 

^  C2.0 

(C  diamond) 

IBr.    .    .  . 

I,  Br  ... 

— 

+  3.5 

— 

— 

SoBrj  . 

Sj,  Br2  .    .  . 

^  I 

PBr3   .    .  . 

P,  Brs   .    .  . 

+  44-8 

rBi-j  .    .  . 

P,  Brg   .    .  . 

+  69-1 

As  Br  3.    .  . 

As,  Br3  .    .  . 

+  44.9 

S2I2  ... 

S2,  la     .  . 

o-o 

P2I4    .    .  . 

Pa,  I,     .    .  . 

+ 19-8 

PI3.    .    .  . 

P,  I3.     •     .  . 

f  IO-9 

Asia    .    .  . 

As,  I3    .    .  . 

+  12-7 

The  heat  of  solution  of  a  substance  is  the  difference 
between  its  heats  of  formation  in  the  water-free  and  in 
the  dissolved  state. 


Heat  of  Poemation  of  some  Metallic  Compounds. 

A.    Oxides  and  Haloids. 


Substance. 

Heat  of  formation. 

Substance. 

Heat  of  formation. 

Solid. 

Dissolved. 

SoUd. 

Dissolved. 

K,  H,  0 .    .  . 

+  103-2 

+  116.5 

Sr,  O2,  H2 

+  214.5 

+  226.1 

K2,0    .    .  . 

+  164.6 

Ba,  Oa,  Ha  . 

+  214.9 

+  227-r 

Na,  H,  0    .  . 

+  101-9 

+  II1-8 

Mg,  Oa,  H2  . 

+  217.3 

Naa,  0  .    .  . 

+  100-2 

+  155-2 

■^^2)               Hg  . 

+  594 

li.'h,  0    .  . 

+  II7-4 

Mn,  0,  H2O  . 

+  94.8 

N,  H3,  Aq  . 

+  20.3 

Zn,  0  .    .  . 

+  85.3 

Mg,  0    .    .  . 

+  144 

Zn,  0,  H3O  . 

+  82-7 

Ca,  0  ... 

+  131 

+  149-5 

Cd,  0,  H2O  . 

+  65.7 

Sr,  0 .    .    .  . 

+  128.4 

+  157-7 

Fe,  0,  H2O  . 

+  68.3 

Ba,  0     .    .  . 

+  1242 

+  158.7 

Fe2,  Oc,  Hg  . 

+  396-4 

Ca,  O2,  Ha  .  . 

+  214.9 

+  217-9 

Ni,  0,  H2O  . 

+  60.8 
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Heat  of  formation. 

Heat  of  formation. 

Substance. 

Substance. 

Solid. 

Dissolved. 

Solid. 

Dissolved, 

Co,  0,  H2O.    .  . 

+  63-4 

— 

Fe,  la    .     .    .  . 

+  46.4 

Pb,  0     .    .    .  . 

+  50-3 

— 

Fe,  Clg  .    .    .  . 

+ 

96-1 

+ 126. 1 

Cu,,0  .... 

+  37-2 

— 

Al,  CI3  .    .    .  . 

+  161 

+  237.8 

CU2,  0    .    .    .  . 

4-    Ar\  R 

Al,  Bi-3  .... 

+ 

119. 7 

+  205 

Ag.j,  0    .    .    .  . 

+  ^-9 

— 

Al,  I3    .    .    .  . 

+ 

70-4 

+  159-4 

Hg,,0   .    .    .  . 

+  22 

— 

Co,  Cla  ...  . 

+ 

76-5 

+  94-8 

Hg,0     .    .   .  . 

+  20-1 

— 

Ni,  CI2  .    .    .  . 

+ 

74-5 

+  93-7 

Sn,  0,  H2O     .  . 

+  68-1 

— 

Hg,  CI  .    .    .  . 

+ 

31.4 

— 

AU2,  O3,  (H20)3  . 

-  13-2 

— 

Hg,  Br.    .    .  . 

+ 

24.1 

— 

Pt,  0,  H2O.    .  . 

+  17.9 

— 

Hg,  I    .    .    .  . 

+ 

14.1 

— 

Hg,  Cla     .    .  . 

+ 

53.3 

+  50 

K,  CI  

+ 105.6 

+  IOI.2 

Hg,  Bra     •    •  • 

+ 

40.  R 

— 

K,  Br  .... 

+  95-3 

+  90.2 

Hg,Ia  .    .    .  . 

+ 

24.2 

— 

K,  I  

+  80.1 

+  75 

Cu,  CI  .    .    .  . 

+ 

^2.q 

— 

K,  F  

+ 109.5 

+  113.1 

Cu,  Br  ,    .    .  . 

+ 

— 

Na,  CI    .    .    .  . 

+  97.6 

+  96.4 

Cu,  I    .    .    .  . 

+ 

16. ^ 

— 

Na,  Br   ...  . 

+  85.8 

+  83.9 

Cu,  Cla  ...  . 

+ 

i;i.6 

+  62.7 

Na,  I  

+  69.1 

+  70-3 

Cu,  Bra     •    •  • 

+ 

^2.6 

+  40.8 

Na,  F  .... 

+ 109 

+ 108.4 

Cd,  Cla .    .    .  . 

+ 

03.2 

+  96.2 

N,  H„  CI  .   .  . 

+  7.'i-8 

+  71.9 

Cd,  Bra  ... 

+  75-6 

N,  H,,  Br  .    .  . 

+  65-4 

+  61 

Cd,  la  .    .    .  . 

-1- 

48.8 

+  47.9 

N,  H„I     .    .  . 

+  49-3 

+  45.8 

Pb,  Cla .    .    .  . 

+ 

82.8 

+  76 

Li,  CI    ...  . 

+  93-8 

+ 102.2 

Pb,  Brj     .    .  . 

+ 

64-5 

+  54-5 

Ca,  Cla   ...  . 

+  169-8 

+ 187.2 

Pb,  I2  .    .    .  . 

+ 

39-8 

Ca,  Br2  .... 

+ 140.9 

+  165.4 

Ag,  CI  .    .    .  . 

+ 

29.4 

— 

Ca,  I2  .... 

+  107.3 

+  135 

Ag,  Br .    .    .  . 

+ 

22.7 

Ba,  Cla  ...  . 

+  194.7 

+ 196.8 

■^S,  I    .    .    .  . 

+ 

13.8 

— 

Ba,  Br2  .... 

+ 170 

+  175 

Au,  CI  .    .    .  . 

+ 

5-8 

Sr,  CI2    .    .    .  . 

+  184.6 

+  195-7 

Au,  Br  ...  . 

0.1 

— 

Sr,  Bra  .... 

+  157-7 

+  173.8 

Au,  I   .    .    .  . 

5-5 

Mg,  Cla  ...  . 

+  151 

+ 186.9 

Au,  CI3 .    .    .  . 

+ 

22.8 

+  27.3 

Zn,  Cla  ...  . 

+  97.3 

+ 112.8 

Au,  Brg     .    .  . 

+  5.1 
+  81. 1 

Zn,  Bra  .... 

+  76 

+  91 

Sn,  Clj  .    .    .  . 

+ 

80.8 

Zn,  Ij  .... 

+  49.2 

+  60.5 

Sn,  CI4  .    .    .  . 

+  127.3 

+  157.2 

Mn,  Clj  .    .    .  . 
Fe,  Cla   ...  . 
Fe,  Brj  .    .    .  . 

+  112 
+  82.1 

+ 128 
+ 100 
+  78.2 

Pt,  CI,  ...  . 
Pt,  Br, ...  . 

+ 
+ 

59-8 
42.4 

+  79-4 
+  52-3 
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B.  Sulphides. 


Substance. 

Heat  of  formation. 

Substance. 

Heat  of  formation. 

Solid. 

Dissolved, 

Solid. 

Dissolved. 

+  IOI'2 

+  II  I'2 

+  !  23'0 

K  H  S 

+  62.3 

+  63.1 

Co,  S,  nHjO  .  . 

+  -  19-7 

Naj,  S    .    .    .  . 

+  87 

+  102 

Ni,  S,  H2O    .  . 

+  17-4 

Na,  H,  S  ... 

+  54 

+  58.4 

Zn,  S,  nH,0  .  . 

+  39-6 

+  98-3 

Cd,  S,  nHjO.  . 

+  32.4 

+  97-4 

Cu,S  .... 

(+8.1)' 

Gil  J  S  •    •    •     •  • 

+  89.6 

Cuj,  Si... 

+  i8-3 

Mg,  S  .... 

+  77-6 

Hg,  S   .    .    i  . 

(+4-8)' 

A.I2  J  S3      •        •       •  • 

+  122-4 

Agj,  S  .    .   .  . 

(  +  3-3)' 

Mn,  S,  nH,0  .  . 

+  44-4 

Pb,  S    .    .    .  . 

+  18.4 

C.  Oxy-salts. 

Carbonates  (C 

K21 C,  O3  .  .  . 
Na^,  C,  O3  .  .  . 
Ba,  C,  Oj  .  .  . 
Sr,  C,  O3  ... 

Cj  O3  •  •  . 
Mn,  C,  O3  .  .  . 
Cd,  C,  O3  .  .  . 
Ag2,  0,03.  .  . 
Pb,  C,  O3  ... 
K,  H,  C,'  O3  .  . 
Na,  H,  C,  O3  .  . 


K,,  S,  O4  . 
K,  H,  S,  0, 
Na2,  S,  O4  . 
Nag,  H,  S,  Oi 
N2,  H,,  S,  0^ 
Mg,  S,  O,  . 
Ba,  S,  O4  . 


=  diamond) . 


+  278-4 
+  269-9 
+  280-5 

+  277-5 
+  267.7 

+  210-8 

+ 179-2 

+  120-2 
+  166.9 
+  232.9 

+  227 

lies. 

+  344-6 

+  277-5 
+  328-4 
+  267.8 
+  282-2 
+  302-3 
+  338-1 


+  284-9 
+  275-4 


+  227-6 
+  223-7 


+  338-2 

+  273-7 
+  329 

+  266-6 

+  279-7 

+  322-6 


Ca,  S,  O4  .    .  . 

+  318-4 

+  318-4 

Sr,  S,  O4    .    .  . 

+  331 

Zn,  S,  Oi  .    .  . 

+  230 

+  248-5 

Mn,  S,  O4 

+  249-9 

+  263-7 

Co,  S,        .    .  . 

+  230-5 

Ni,  S,Oi.    .  . 

+  229-7 

Fe,  S,  O4  .    .  : 

+  235.6 

Cu,  8,0^.    .  . 

+  182-8 

+ 198-4 

Cd,  8,04.    .  . 

+  221.2 

+  231-9 

Ag2,  S,  O4 .    .  . 

+  167.3 

+ 162-8 

Pb,  S,  0«  .    .  . 

+  216.2 

K,  N,  O3  . 
Na,  N,  O3  . 
N,  H,,N,  O3 
Ba,  N2 ,  Og 
Si'a ,  Ng ,  0(5 
Ca,  N^.Oe- 
Mg,  N2,Oe,6H.O 
Sr,  Nj,  O5,  4HaO 


Nitrdtes^ 

+  119-5 
+  III-3 
+  88 
+  226-2 
+  219-8 
+  202-6 
+  210.5 
+  227.7 


+  III 
+ 106-3 
+  81-8 
+  216-8 
+  215-2 
+  2066 
+  206-3 
+  215-2 


*  Not  certain. 
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Substaxice. 

Heat  of  formation. 

Substance. 

Heat  of  formation. 

Solid. 

Dissolved. 

Solid. 

Dissolved. 

Ca,  No,  Og,  4H2O 

+  21  ^'8 

+  2o6-6 

Na,  CI,  O3     .  .■ 

+  86-8 

+  81.2 

Zn,  Nj,  Og,  OMjU 

+  138-1 

+ 132-3 

+  260-5 

+  262-9 

Cu,  Nj,  Og,  6H2O 

+  93 

+  82.3 

Nn     S  0. 

+  398-9 

+  393-5 

Cd,  N2,  0„  4HaO 

+  121-1 

+  ii6-i 

Na,,  H,  P,  O4  . 

+  413-9 

+  419-5 

Pb,  N„  0,  .    .  . 

+  105-5 

+  97-9 

N,  H4,N,  O2  . 

+  64-9 

+  6o-2 

Ag,  N,  O3  .    .  . 

+  28-7 

+  23-3 

K,  Mn,  Oi     .  . 

+  195 

+ 184-8 

Bi,  Clo  .    .    .  . 

+  90-6 

— 

Bi,  0,  CI  .    .  . 

+  88-2 

Other  Salts. 

Na,,  Pt,  CL,  6H2O 

-j-  290-3 

+  277-7 

K,  0,  01.    .    .  . 

+  88-8 

K,  C,  N    .    .  . 

+  29-8 

+  26.8 

K,  Cl,03     .    .  . 

+  95 

+  85 

Na,  C,  N  .    .  . 

+  25-5 

+  25 

K,  CI,  O4    .    .  . 

+ 113.1 

+  lOI 

Hg,  C^.N^    .  . 

-  62 

-  55 

K,  Br,  O3   .    .  . 

+  84.1 

+  74-3 

Ag,  C,N   .    .  . 

-  31-2 

K,  I,  O3 .    .    .  . 

+  124-5 

+  117.4 

AgCN,  KCNAq. 

+  6.5 

Na,  0,  CI   .    .  . 

+  83-4 

K,  0,  C,  N     .  . 

+  34-3 

1  +  29-1 

Heat  of  Combustion  and  Heat  oe  Formation  oe 
SOME  Organic  Substances. 

Saturated  Hydrocarbons. 


C  =  Diamond. 


Substance. 

Formula. 

Heat  of 
combus- 
tion. 

Heat  of 
formation 
(constant 

volume). 

Observer. 

Methane  

CH4  .    •  • 

+  213.8 

+  16-5 

Thomson 

Ethane   

CjHfi    .  . 

+  370-5 

+  22.1 

)) 

Propane   

CsHg    .  . 

+  529-2 

+  25.4 

It 

Butane  

(CH3)3CH 

4  687-2 

+  29-1 

)) 

Pentane   

(CH3),C  . 

+  847.1 

+  31-5 

)' 

Hexaiie  (liquid)    .  . 

C5H14  .  . 

+  989-2 

+  53-2 

Stohmann 

Heptane  (liquid)  .  . 

(normal) 

C7H11,    .  . 

+  1137-5 

Luginin 

(normal) 
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Unsaturated  Hydrocarbons. 


Substance. 

Formula. 

Heat  of 
combus- 
tion. 

Heat  of 
formation 
(constant 
volume). 

Observer. 

G2H4     .  . 

+  333-4 

^  _  0 
12.8 

Thomson 

Px'opylene  .... 

CsHe     .  . 

+  492.7 

0.0 

>) 

Isobutylene  .... 

C^Hs    .  . 

+  650.6 

1.9 

M 

Amylene  (gaseous) 

CgHjo  .  . 

+  807.6 

+ 

3-1 

)  > 

CgHio  .  . 

+  932.8 

27*0 

>> 

Acetylene  .... 

CjH] 

+  315-0 

Berthelot 

Allylentt  

C3  H4    .  . 

+  467.6 

4S.9 

Thomsen 

Halogen  Derivatives. 

CH3CI  .  . 

+ 164.8 

+ 

19.2 

Thomsen 

JLLliyi  CXliOIiU.w   •      •  • 

C3H5CI  . 

+  321-9 

+ 

24.3 

n 

i  ropyi  cniorjae     .  • 

CsHtCI  . 

+  480.3 

+ 

27-8 

»» 

xsoDutyi  ciiioiiue  •  . 

CHgCl  . 

+  637.9 

+ 

32.2 

>) 

Vinyl  chloride  .  . 

C2II3CI  • 

+  286.2 

— 

7-9 

)) 

Chloroform  .... 

CHCI3  .  . 

+  70-5 

+ 

20.9 

») 

Carbon  tetrachloride  . 

CCl,     .  . 

+ 

18.4 

)> 

Methyl  bromide    .  . 

CHjBr  .  . 

+  184.7 

+ 

11.6 

)» 

Ethyl  bromide  .    .  . 

CjHsBr  . 

+  341-8 

+ 

16.6 

)> 

Propyl  bromide     .  . 

CsH^Br  . 

+  499-3 

+ 

31. 1 

>) 

Amyl  bromide  .    .  . 

C^HnBr  . 

+ 

27.1 

Berthelot 

Allyl  bromide  .    .  . 

CsHsBr  . 

+  462.1 

— 

9.6 

Tb  omsen 

Ethylene  dibromide 

CHtBrg  . 

+ 

"RovfTi  a1  ot 

(gaseous) 

Thomsen 

Methyl  iodide  .    .  . 

CH3I    .  . 

+  201.5 

+  / 

Ethyl  iodide     .    .  . 

C2H5I  .  . 

+  359-2 

0.6 

Alcohols  (gaseous). 

Methyl  alcohol .    .  . 

CH3OH  . 

+ 182.2 

+ 

47-9 

Thomsen 

Ethyl  alcohol   .    .  . 

G2H5OH  . 

+  340-5 

+ 

51-5 

>> 

Propyl  alcohol  .    .  . 

CSH7OH  . 

+  498.6 

+ 

56 

)> 

Isobutyl  alcohol    .  . 

C.HgOH  . 

+  658.5 

+ 

57-5 

>i 

Isoamyl  alcohol    .  • 

CsHuOH  . 

+  820.1 

+ 

58 

n 

AUyl  alcohol    .    •  • 

C3H5OH  . 

+  464-8 

+ 

21.6 

i> 

Propargyl  alcohol  .  . 

C3H3OH  . 

+  43I-I 

12-7 
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Substance. 

Formula. 

combus- 
tion. 

Heat  of 
formation 
(constant 
volume). 

Observer. 

"771  _           •             "  J    /       '  \ 

Formic  acid  (gaseous) 

CHjOj  .  . 

+  69.4 

+  92-8 

Thomson 

Acetic  acid  (gaseous)  . 

C2H4O2  . 

+  225.4 

+  98.6 

>> 

Propionic  acid  (gaseous) 

CjHeOa 

+  386.5 

+  99-1 

>> 

Capric  acid  .... 

^10-^^-20^2  • 

+  1455-6 

— 

Stohmann 

Laurie  acid  .... 

C12H24O2  . 

+  1747-6 

>) 

•iiXjx  lytio  aoiu.     ■     .  • 

p   IT  r> 

^14  -"28  ^2  . 

+  2052.9 

)) 

Palmitic  acid  . 

C16HS2O2  . 

+  2361.9 

)> 

Stearic  acid  .... 

+  2677.8 

Oxalic  acid  .... 

Cj  H2  0^ 

+  60.2 

+  106.7 

?> 

Malonic  acid     .    .  . 

CaH.O^  . 

+  207.3 

j> 

Succinic  acid    .    .  . 

C^H.O,  . 

+  356-8 

)> 

Tartaric  acid    .  . 

C.HeOe  . 

+  261.8 

)) 

Other  Substances. 

Dimethyl  ether  (gas.) 

(CH3)2  0  . 

+  349-4 

+  42-7 

Thomson 

Diethyl  ether  (gaseous) 

+  659.6 

+  56-5 

>> 

Glycerine  .... 

C3H5(OH)3 

+  396-8 

Stohmann 

Acetaldehyde  (gaseous) 

Cj  H4  0  .  . 

+  281.9 

+  42-5 

Thomson , 

Hydrocyanic  acid  (gas.) 

HCN    .  . 

+  158.6 

—  ^10.2 

ly 

Cyanogen  (gaseous)  . 

(CN)2   .  . 

+  259.6 

-  71 

I) 

JA.\j^S\i\JlX.l\iL  XX.   (gClbt?ULlo)  • 

CH3  CN  . 

+  312. 1 

—  2 1 .6 

IVretlivlaminG  reraseons^ 

CH3NH2  . 

+  258.3 

If 

Til  m  <if  rlTf  1  Q  TY^  1      O    fcrOQ  \ 
J^xlXlvKixxj  xcLllxxxxV   I  gdo*  ) 

(CH3)2NH 

+  420.5 

+  5-0 

J) 

CO(NH2)2 

+  152.2 

+  77-5 

Stohmann 

ftrt  ^i^rt  Q  T\T*  rt        f  rro  Ort/^ii  ci\ 

iu.6rcdptan  ^gasoous  1  . 

CS3  SB.  . 

+  298.8 

+  5-4 

f       TH  r 

ihomsen 

BenzGn©  

CgHg     .  . 

+  787.8 

—  17. 1 

(gas.) 

Stohmann 

—  9.1 

.  (litiuid) 

Phenol  (solid)  .    .  . 

CeH.OH  . 

+  731-9 

— 

>> 

Benzoic  acid     .    .  . 

C7H6O2 

+  770-5 

M 

X  nxnaiic  aciu.  ... 

+  771.9 

ir 

Salicylic  acid    .-   .  . 

CyHoOj  . 

+  729-5 

1) 

Thiophene  (gaseous)  . 

C4H4S  .  . 

+  610.6 

—  26.2 

Thomson 

CftHijOg  . 

+  673.7 

Stohmann 

Cane  sugar  .... 

Cj2H22  0ii  . 

+  1352-7 

>> 

+  678.0 

+  677.5 
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Molecular  Heat  of  Evapobation  op  some 
Oeganic  Compounds. 


Carbon  disulphide    .  . 

6.4 

Methyl  iodide     .    .  . 

6-5 

Ethyl  alcohol  .... 

Q.8 

Chloroform  .... 

"7.5 

to 

Amyl  alcohol  .    .    <  . 

10.7 

Carbon  tetrachloride  . 

7.2 

Aldehyde  ..... 

6.0 

Ethyl  chloride    .    .  . 

6-45 

Acetone 

7-5 

Ethyl  bromide    .    .  . 

7-5 

Cliloral   ....    4  . 

8.0 

Ethyl  iodide  .... 

9.2 

Chloral  hydrate    .    <  . 

21.9 

Ethylene  dibromide  . 

8.2 

Formic  acid  .... 

5-6 

Methyl  alcohol  .    .  . 

8-45 

Acetic  acid  

7-25 

Butyric  acid  .    .    .  . 

.TO- 1 

Hydrocyanic  acid     .  . 

5-7 

Valerianic  acid  .    .  . 

10.6 

Benzene   

7.2 

Ether  ...... 

6.7 

Heat  oe  Neutralization  op  Bases. 

Solutions  containing  two  equivalents  of  acid  or  base  dissolved  in 
400  mol.  water.    (But  many  bases  are  insoluble.) 


Base. 

H2SO4,  Aq 

2CI  H,  Aq 

2NO3H,  Aq 

2C2H4O2,  Aq 

2NaOH,  Aq  .    .  . 

31-4 

27-5 

27.4 

26.8 

2KOH,  Aq     .    .  . 

31-3 

27-5 

27-5 

26.6 

2LiOH,  Aq    .    .  . 

31-3 

27.7 

27.8 

2NH3 ,  Aq .... 

28.2 

24.4 

24.6 

23.8 

Ba(0H)2,  Aq    .  . 

(36-9)  • 

27.8 

28.2 

26.8 

Sr(0H)2',  Aq     .  . 

30-7 

27-6 

27.8 

26.6 

Ca(0H)2,  Aq     .  . 

31-1 

■  27.6 

•  26.8 

Mg(0H)2  .... 

31-1 

27.7 

27.6 

Mn(0H)3  .... 

26.5 

23.0 

23.0 

22-6 

Ni(OH)a  .... 

26.3 

22-6 

Co(OH)2  .... 

24.7 

21-1 

Fe(OH)a  .... 

24-9 

21-4 

Zn(OH\  .... 

23-5 

19.9 

19.9 

18.0 

Cd(0H)2  .... 

23.8 

20.3 

20-6 

Cu(0H)2  .... 

18.4 

14.9 

14.9 

12.8 

PbO  ..... 

(23-4) 

(16.8) 

17-8  . 

HgO  

18.9 

6.4 

SOME  POINTS  IN  THERMO-CHEMISTRY  75 


Ha  SO4,  Aq 

2CI H,  Aq 

2NO3H,  Aq 

2C2H1O2,  Aq 

Ag^O  

14-5 

(42-5) 

10.9 

|Ai(0H^3.    .    .  . 

21.0 

18.6 

|Cr(0H)3.    .    .  . 

i6-4 

13-7 

fFe(0H)3.    .    .  . 

II. 2 

11.2 

"•3 

8.0 

SnO  

2.8 

The  numbers  in  brackets  refer  to  the  formation  of  insoluble  salts. 
In  such  cases  of  neutralization,  the  evolution  of  heat  =  heat  of 
neutralization  +  heat  of  precipitation. 


Heat  op  Neutralization  of  Acids  by  Soda. 

I  mol.  of  the  acid  mixed  with  a  equivalents  soda,  both  in 
dilute  solution. 


Acid, 

a=i 

a=i 

a=3 

a =3 

a=4 

a=6 

HCl  .... 

6.87 

13-74 

13-74 

HBr  .... 

6.87 

13-75 

13-75 

HI  

6.84 

13.68 

13-68 

HNO3  .... 

6-84 

13-68 

13.68 

HCIO3     .    .  . 

6.88 

13.76 

13-76 

HBrOg     .    .  . 

6.89 

13-78 

13-78 

HIO3  .... 

6-9  , 

13.81 

13.81 

HCIO4     .    .  . 

7-i8 

14-35 

14-35 

HF  

16.27 

16-27 

H3PO,.    .    .  . 

7.60 

15.20 

15-40 

CsH^Oa    .    .  . 

13.40 

CH3O2.    .    .  . 

13-45 

CgHgOa    .    .  , 

13.48 

HON  .... 

1-37 

2.77 

2-77 

HgSOl  .... 

14.6 

31.0 

31-0 

H2SO3 .... 

15-9 

29.0 

HjCrO^    .    .  . 

13-13 

24.7 

25-2 

H3PO,.    .    .  . 

7-43, 

14.8 

28.4 

28.9 

HgPO^.     .     .  . 

7-3 

14-8 

27.1 

34-0 

H3A3O,   .    .  . 

7-36 

15.0 

27.6 

35-9 

HiiCO^.    .    .  . 

II.O 

20.2 

20.6 
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Acid. 

a=4 

a=i 

a=2 

a  =  3 

a=4 

a=6 

(C00H)2  .    .  . 

6.9 

13-8 

28-3 

28.5 

— 

CoHifCOOH'io 

T  0  mA 

X  A  *iX 

24 

Malic  acid    ,  . 

13 

26-17 

Tartaric  acid 

12-4 

25-3 

25.8 

Citric  acid    .  . 

12.67 

25-4 

38-9 

41.7 

1128103    .    .  . 

3-3 

4-3 

5-2 

5-4 

HjBOt     .    .  . 

6.4 

II. I 

20-0 

20-6 

Heat  of  Solution. 

When  one  gram-molecule  of  the  substance  dissolves  in  the  given 
quantity  of  water  at  18°,  the  given  number  of  calories  is  evolved. 


vjrain- 

•nt  1 

vj  ram- 

Evolu- 

Dissolved substance. 

molecules 

tion  of 

Dissolved  substance. 

molecules 

tion  of 

of  water. 

heat. 

of  water. 

beat. 

NaCl.     .    .  . 

200 

-  I.lS 

FeClj    .    .  . 

400 

+  63-3 

KCl  .... 

200 

-  4-4 

Co  CI3  +  6H2O 

n 

-  2.9 

NH4CI    .    .  . 

200 

-  3-9 

C0CI2    .    .  . 

)) 

+  18-3 

BaCl2+  2H2O  . 

400 

-  4.8 

Ni  CI2  +  6H2O 

!> 

—  I.I 

BaCla     .    .  . 

400 

+  2.1 

NiClj    .    .  . 

)> 

-1- 19-2 

KBr  .... 

200 

-  5-o8 

ZnCl2   .    .  . 

>» 

+  is-s 

NaBr+2H2  0  . 

200 

-  4-7 

ZnBi-j  .    .  . 

>) 

+  15 

NaBr     .    .  . 

200 

—  0.19 

Znl2  ... 

}> 

+  11. 3 

KI     .    .    .  . 

200 

-  5-1 

CuCla  +  2H2  0 

>) 

-t-  4-2 

NaI+2H2  0  . 

200 

-  4.0 

CuCls    .    .  . 

>) 

+  ii.i 

Nal  .... 

200 

+  1.2 

HgCla  .    .  . 

>> 

-  3-3 

CaCla  +  eH^O  , 

400 

-  4-34 

PbCla    .    .  . 

» 

-  6.8 

CaCla     .    .  . 

+  17.4 

Sn  CI2  +  2H2O 

»> 

-  6-4 

CaBrj     .    .  . 

+  24.5 

SnCl,   .    .  . 

)j 

+  0-3 

Cal2  •    •    .  • 

+  27.7 

SnClt   .    .  . 

300 

+  29.9 

MgCl2  +  6H2  0  . 

+  2.9 

AuCl3  +  2HaO 

)) 

-  1-7 

MgCl2    .    .  . 

+  35-9 

AuCl,  .    .  , 

)) 

+  4-5 

MnCl2  +  4H2  0. 

+  1-5 

PtClt  +  4HaO 

»» 

-  1-7 

MnCIi    .    .  . 

+  i6-o 

PtCl,    .    .  . 

>> 

+ 19-6 

reCl2  +  4H,0  . 

+  2-7 

FeCIa     .    .  . 

+  17.9 

NaNOa  . 

200 

-  6-0 

reGl3+  12H2O 

+  11-3 

KNO3    .    .  . 

200 

-  8.5 
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Grani- 

Evolu- 

Gram- 

1  Evolu- 

Dissolred substance. 

molMOules 

tion  of 

Dissolved  substance. 

molecules 

tion  of 

of  water. 

heat. 

of  water. 

heat. 

NH^NOa  .... 

200 

-  6.3 

CdSO^  +  fHaO  . 

400 

+  6-0 

Ba(N0s)2  ... 

400 

-  9-4 

CdSOi  .... 

+  10-7 

Sr(NOs)a  +  4H2  0  . 

>> 

-12.5 

CUSO4  +  5H2O  . 

» 

-  2-7 

SrCNOg):,      .    .  . 

)) 

-  4-6 

CUSO4  .... 

+  15-8 

Ca(N03)j  +  4H2  0  . 

» 

-  7-2 

Ag^SOi  .... 

ji 

-  4-5 

Ca(N03)2     .    .  . 

>> 

+  4-0 

K2SO4,  Al2(SOj3 

2400 

—  20-2 

MgCN03)2  +  6H5  0. 

-  4.2 

+  24H2O 

Mn  (N03)2  +  6H2  0 

)? 

-  6.2 

K2SO4,  Cr^CSOOs 

1600 

-22.3 

Zn(N03)2  +  6H5  0  . 

>> 

_  0 

+  24H2O 

AgJXOa  .... 
Pb(N03)2     .    .  • 

i> 

)) 
200 
400 

-  5-0 
— 10.7 

-  5-4 

-  7.6 

K^COa  .... 

K2C03+3H20  . 
KHC03 .... 

400 
»> 

+  6-5 

-  3-8 

-  5-3 

NajSOi  +  ioHaO  . 

NajCOa  .... 

f) 

+  .5-<5 

400 

-18.76 

NaaCOj  +  ioH.O  . 

)> 
» 

-16.1 

NagSO^  .... 

» 

+  0.46 

NaHCOa    .    .  . 

-  4-3 

-  6.4 

(NH,)2S0,  .    .  . 
CaSO^  +  aHaO  .  . 

» 

-  2-4 

o-o  * 

Heat  of  solution  in  almost  saturated 

CaSOi  .... 

+  4.7 

solution. 

MgSOt  +  7H20.  . 

-  3-8 

NH^Cl  .... 

-  3-88 

MgSOi  .... 

>) 

+  20.3 

-  3-5 

MnSO^  +  5H2  0  . 

)> 

+  0.04 

NaCl  

—  0-2 

MuSOi  .... 

M 

+  I  a. 8 

(NHO2SO,  .... 

-  1.4 

FeS04  +  7HjO  .  . 

>) 

-  4-5 

NaNOs  .... 

-  2-5 

C0SO4  +  7H2O  .  . 

>> 

-  3.6 

NH4NO3     .    .  . 

-  3-5 

NiS04  +  7H3  0  .  . 

)> 

-  4-3 

MgS0,  +  7H,0  . 

-  4-4 

ZnS04  +  7HjO  .  . 

>> 

-  4-2^ 

CuCl,+  2H20.  . 

-  3-0 

ZnSO,  .... 

)) 

+  18-5 

CaCla  +  GHjO.  . 

-  8.4 

Slightly  positive. 
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ProUems.  i.  What  is  the  quantity  of  heat  developed 
in  mixing  loo  grams  NagCOg  with  so  much  water  as 
to  form  the  hydrate  Na2C03ioH20  ? 

a.  Calculate  the  heat  of  reaction  in  the  process 
Pb(N03),Aq  +  H2S04Aq  =  PbSO.  +  aHNOgAq. 

3.  And  in  the  reaction 

AgNOaAq  +  HClAq  =  AgCl  +  HNOgAq. 

4.  How  much  heat  is  evolved  in  the  combination  of 
C2H4  with  gaseous  bromine,  the  volume  being  kept 
constant  ? 

5.  Calculate  the  evolution  of  heat  accompanying  the 
solution  of  zinc  in  dilute  sulphuric  acid. 

6.  What  is  the  heat  of  formation  of  dipropargyl 
at  constant  pressure,  the  heat  of  combustion  being 
+  882-9  Cal.? 

7.  Berthelot  burnt  CgClg  in  presence  of  water^  accord- 
ing to  the  equation 

C2Cl6  +  0  +  Aq=  3C02  +  6HClAq, 

and  found  an  evolution  of  heat  of  +  Cal.  What 
is  the  heat  of  formation  of  C^Clg  ? 

8.  0,0  c.c.  of  10  per  cent,  cupric  chloride  solution  were 
shaken  with  excess  of  iron  filings  till  the  copper  was 
completely  deposited.  Calculate  the  rise  of  temperature 
of  the  liquid  approximately,  by  assuming  that  its  density 
and  specific  heat  are  both  unity,  and  the  thermal  capa- 
city of  the  iron  and  copper  may  be  neglected. 

9.  A  calorimeter  contains  350  c.c.  of  tenth-normal 
HCl  solution.  It  is  mixed  with  250  c.c.  of  a  solution 
of  NaOH  sufficient  to  neutralize;  what  is  the  rise  of 
temperature  ? 
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lo.  350  c.c.  of  tenth-normal  HgSO^  solution  are  mixed 
with  250  c.c.  of  fifth-normal  NaOH  solution  of  the 
same  temj)erature.    What  is  the  rise  of  temperature  ? 

§  33.  Principle  of  maximum  work.  Substances 
which  can  act  chemically  on  one  another  tend,  when 
left  freely  to  their  mutual  aetioUj  to  produce  that 
system  which  is  formed  with  the  greatest  evolution 
of  heat. 

Another  mode  of  expression.  Of  the  various  reactions 
of  which  a  material  system  is  capable,  that  one  will 
occur  which  gives  the  greatest  evolution  of  heat. 

Examples.  If  a  system  be  composed  of  potassium 
chlorine  and  iodine,  then  KCl  will  be  formed^  and 
not  KI,  because 

K-hI  =  KI  +  80.1  Cal., 
K-f-Cl  =  KCl -M 05.6  Cal. 

The  system  (KI  +  Cl)  will  change  into  the  system 
(KCl-fl),  for 

KI  +  C1=  KCl +  1  +  25-5  Cal. 

Acids  and  bases  act  on  one  another,  for  the  formation 
of  salts  is  accompanied  by  evolution  of  heat.    E.  g. 

KOHAq  +  HClAq=  KClAq  +  H20  +  i3.7  Cal. 

Gaseous  chlorine  does  not  decompose  steam,  for 
at  100° 

H2O  (gas)  +  2CI  (gas)  =  2HCI  (gas)  +  O  (gas) - 14  Cal., 
since  Hg,  O  (gas  at  100°)  =  +58  Cal., 

while  H,  CI  (gas)  =  +  Cal. 

On  the  other  hand,  liquid  water  at  atmospheric  tern- 
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perature  is  decomposed  by  chlorine,  although  very 
slowly^  because 

Hg  O  (liquid)  +  2CI  (gas)  +  Aq 

=  aHClAq  +  0  (gas)  +  10  Cal, 
for  H,  CI  (gas)  =  +  23  Cal.,    HCl,  Aq  =  +17-2  Cal., 
and  H2,  O  (liquid)  =  +68-4  Cal. 

Copper  does  not  displace  iron  from  a  solution  of 
ferrous  chloride,  but  the  reverse  reaction  occurs  easily,  for 

Fe  (solid)  +  CuClaAq  = 

FeClg  Aq  +  Cu  (solid)  +  37-3  Cal. 

Note.  The  application  of  this  principle — which  was 
first  stated  by  J.  Thomsen,  but  soon  given  up,  afterwards 
adopted  by  Berthelot  and  for  thirty  years  defended  by 
him — is  extraordinarily  wide  and  important,  notwith- 
standing the  serious  errors  involved  in  it.  The  under- 
lying idea  of  it  is  that  chemical  actions  only  take  place 
when  heat  is  evolved  by  them.  This  idea  is  really  only 
of  value  in  considering  reactions  that  take  place  at  low 
temperatures  ;  van 't  Hof£  has  shown  that  the  principle 
gains  in  applicability  the  nearer  one  approaches  to  the 
absolute  zero. 

The  formulation  of  the  principle  involves  a  difficulty, 
because  of  the  condition  that  the  bodies  are  to  be  left  to 
iheiv  free  mutual  action,  without  the  interference  of  any 
outside  influence,  any  outside  energy.  Outside  influences, 
however,  exist  in  the  customary  conditions,  if  only  in 
the  temperature  and  pressure  of  the  surroundings.  It 
must  be  noted  here  that  the  universality  of  the  principle 
has  for  some  years  past  been  given  up  by  Berthelot 
himself. 
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§  34.  Applications  of  the  principle  of  maximum 
work,  (fl)  Laio  of  simultaneous  reactions.  A  reaction 
occurs  the  more  readily  if  its  products  can  effect  a 
second  reaction. 

Note.  This  law  includes  the  phenomena  of  the  action 
of  the  elements  in  the  so-called  statu  nascencli,  as  well 
as  those  which  were  formerly  ascribed  to  preclisj)osi7ig 
affinities.  The  law  may  be  deduced  from  the  principle 
of  maximum  work^  since  the  second  reaction  involves 
an  evolution  of  heat  which  is  added  to  that  of  the  first 
reaction.  In  consequence  of  this  the  heat  of  reaction  is 
raised :  it  may  be  converted  from  a  negative  to  a  positive 
value,  or  from  a  small  positive  value  to  a  considerable 
one,  so  that  the  entire  heat  of  reaction  rises  to  a  large 
number  of  calories. 

First  Example.  It  has  already  been  remarked  that 
chlorine  acts  on  liquid  water,  but  not  on  steam.  In  the 
latter  case  the  HCl  formed  is  at  once  dissolved  in  water, 
a  process  which  is  accompanied  by  a  large  evolution  of 
heat. 

The  action,  however,  is  very  slow.  But  if  opportunity 
is  afforded  for  the  HCl  or  the  oxygen  formed  to  effect 
some  chemical  action,  the  decomposition  of  the  water 
takes  place  rapidly.    Thus  the  reaction 

HgO  (liquid) +  aCl 4- Aq  =  2HClAq  +  0  +  io  Cal. 
goes  slowly,  but  the  reaction 
H2  O  (liquid)  +  SO2  Aq  +  %C\  (gas) 

=  H2SO,Aq  +  aHClAq  +  73.7  Cal. 

takes  place  at  once. 

The  latter  reaction  is  an  instance  of  the  action  of 
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oxygen  in  statu  nascendi,  and  perhaps  is  to  be  explained 
by  the  evolution  of  that  element  in  the  atomic  condition; 
it  acts  as  such  before  the  reunion  into  molecules  can 
take  place.  This  explanation  may  be  correct,  but  at 
any  rate  it  is  certain  that  the  small  heat  of  reaction  in 

H2O  +  CI2  =  2HClAq  +  0  +  io  Cal. 
is  increased  by  the  considerable  evolution  due  to  the 
reaction 

SOaAq  +  O  =  H2S04Aq  +  63.7  Cal. 

In  the  latter  case  the  second  reaction  is  produced  by 
the  oxygen;  but  the  hydrochloric  acid  also  may  be 
made  use  of  for  a  second  reaction.  If  KOH  be  dis- 
solved in  the  water,  the  following  second  reaction  may 
take  place : 

KOHAq  +  HClAq  =  KClAq -f  HgO  + 137  Cal.; 
the  two  together  will  accordingly  give 

2KOHAq  +  Cl2=  sKClAq  +  H^O +  0  +  37-4  Cal. 

The  action  is,  however,  not  yet  complete.  The 
oxygen  combines  with  KCl  to  form  KCIO, 

KClAq  +  0  =  KC10Aq-i2  Cal., - 
and  finally  we  have  for  the  whole  reaction 

2KOHAq  +  Cl2(gas) 

=  KClAq  +  KCl 0Aq  +  H20  + 25.4  Cal. 

The  formation  of  KCIO  thus  leads  to  a  dimimitmi 
of  the  heat  of  reaction.  This  is  in  fact  still  appreciably 
greater  than  that  due  to  the  action  of  chlorine  on  water ; 
it  must,  however,  be  regarded  as  a  want  of  logical 
strictness  in  the  principle  of  maximum  work,  that  such 
a  bye-reaction  as  the  formation  of  KCIO  can  occur, 
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even  if  such  reactions  can  be  regarded  as  coming  under 
the  rule  at  all. 

Second  example.  Manganese  dioxide  and  dilute  sul- 
phui'ic  acid  do  not  act  according  to  the  equation 

MnOa  (solid) +  H2S04Aq  =  MnS04Aq  + HgO  +  O, 

but  if  oxalic  acid  is  added^  the  reaction  takes  place, 
with  oxidation  of  the  oxalic  acid.  The  first  reaction  is 
presumably  accompanied  by  an  absorjption  of  heat ;  the 
second,  however,  adds  to  that  the  very  considerable 
(positive)  heat  of  combustion  of  oxalic  acid. 

In  the  same  way  the  action  of  sulphuric  acid  on 
potassium  permanganate  is  rendered  possible  by  oxalic 
acid. 

Third  example.    The  reaction 

H20  +  Aq+3l  =  2HIAq  +  0 
involves  an  ahsorpiion  of  42  Cal.  Consequently  water 
is  not  decomposed  by  iodine  according  to  the  above 
equation ;  the  reaction  occurs,  however,  when  the  oxygen 
can  effect  an  oxidation,  whether  of  SO^  to  HgSO^  or 
of  Na^SgOg  to  NagS^Og,  with  formation  of  Nal,  or 
of  arsenious  acid  with  formation  of  AsgOg. 

{b)  Prediction  of  reactions.  The  following  rules  are 
often  satisfied : — 

(a)  A  and  B  will  combine  when  A,  B  =  +q  Cal. 

Por  if  A,  B  =  +q  Cal, 

A  +  B  =  AB  +  ^  Cal., 
and  the  system  will  tend  from  the  form  (A  +  B)  to  that 
(AB),  the  form  (A  +  B)  being  unstable. 

Example.  KCl  is  formed  by  direct  combination  of 
K  and  CI  for  K,  CI  =  +  105-6  Cal. 

G  2 
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((3)  A  and  B  will  not  enter  into  combination  when 
A,  B  =  —q  Cal.,  for  in  this  case 

A  +  B  =  AB-^  Cal., 
and  the  system  (A  +  B)  will  retain  that  form. 

Example.  Chlorine  and  nitrogen  will  not  unite 
directly,  NCI3  =  -38-5  Cal. 

(y)  A  will  displace  B  from  combination  with  C  if 
(A,  C  —  Bj  C)  =  +    Cal.,  for  in  this  case 
A  +  BC  =  AC  +  B  +  ^Cal., 
and  the  system  (A  +  B  +  C)  tends  to  the  form  (AC  +  B), 
the  form  ( AB  +  C)  being-  unstable. 
Example.    KI  (sohd)  +  CI  (gas) 

=  KCl  (solid)  + 1  (solid)  +  25.5  Cal., 
K,  CI  =  105-6  Cal,       K,  I  =80.1  Cal. 
The  reverse  reaction  only  occurs  under  special  con- 
ditions, 

(S)  AB  and  CD  effect  a  double  decomposition 
AB  +  CD  =  AC  +  BD 
if  (A,  C  +  B,D)>(A,B  +  C,D), 

and  therefore 

(A,  C  +  B,  D)-(A,  B  +  C,  D)  =  +  ^  Cal., 
for  in  this  case  the  system  (A  +  B  +  C  +  D)  takes  more 
readily  the  form  (AC  +  BD)  than  the  form  (AB  +  CD). 

(c)  Proof  of  the  ahove  rules  hy  experience.  When  only 
reactions  occurring  at  atmospheric  temperature,  or  at 
temperatures  not  very  far  removed  from  that,  are  con- 
sidered, the  above  rules  are  fairly  well  confirmed  by 
experience.  The  heat  of  formation  of  chlorides  is  greater 
than  for  the  corresponding  bromides  and  iodides;  and,  as 
a  matter  of  fact,  bromine  and  iodine  are  commonly  ex- 
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pelled  from  their  compounds  by  clilorine.  The  heat  of 
combination  of  the  metals  with  halog-ens  follows  the  rule 
that  it  is  large  for  strongly  positive  metals,  and  less  and 
less  according  to  the  feebler  positive  character  of  the 
metal ;  this  is  in  agreement  with  the  rule  that  the  more 
feebly  positive  metals  are  displaced  from  their  compounds 
by  the  more  strongly  positive.  The  processes  of  salt- 
formation  from  acids  and  bases  are  double  decompositions, 
in  which  the  sum  of  heats  of  formation  of  the  products 
is  greater  than  that  of  the  original  substances,  and 
actually,  such  salt-formation  usually  occurs  without 
diflBculty. 

[d)  Production  of  compounds  with  negative  heat  of 
formation.  The  production  of  such  compounds  is  possible 
when  they  are  bye-products  in  a  reaction  of  which  the 
other  products  possess  a  larger  heat  of  reaction.  It  is 
true  that  in  this  case  the  heat  of  reaction  is  not  the 
greatest  possible — it  would  be  greater  if  these  bye-pro- 
ducts were  not  formed — still  it  may  be  positive. 

Bxamjples.  Formation  of  potassium  hypochlorite  (p.  82). 
Formation  of  nitrogen  trichloride. 

N,  CI3  =  -38  Cal. 

This  substance  is  formed  when  chlorine  is  led  into 
a  solution  of  ammonium  chloride. 

NH,ClAq  +  6Cl  =  4HClAq-t-NCl3, 
N,  H^,  CI,  Aq  =  +  71.9  Cal.,  4H,  CI,  Aq  =  -|- 156-8  Cal. 

The  total  heat  of  reaction  is  thus  -f-  46-9  Cal. 

((?)  Fxplosive  substances  and  mixtures.  Systems  whose 
heat  of  reaction  is  great  usually  suffer  conversion. 
Usually,  too,  when  in  such  a  system  the  reaction  is 


86       PHYSICAL  CHEMISTRY  FOR  BEGINNERS 


started  at  07ie  pointy  so  much  heat  is  evolved  there  that 
neighbouring  points  are  raised  to  the  temperature  re- 
quired to  initiate  the  reaction ;  consequently  the  reaction 
is  propagated  from  one  pointy  throughout  the  mass. 
When  this  propagation  takes  place  with  great  velocity 
and  production  of  high  pressures^  it  is  called  an  explo- 
sion. The  commencement  of  a  reaction  at  one  point  is 
frequently  brought  about  by  a  violent  pressure  or  shock. 

Explosive  substances  (compounds)  are  such  as  are 
formed  with  a  large  absorption  of  heat,  and  give  gaseous 
products  on  explosion.  Such  are,  e.g.,  NClg,  acetylene, 
nitroglycerine.  These  substances  decompose  on  the 
application  of  a  local  pressure  because  this  pressure 
brings  about  the  reaction  at  that  place,  and  in  conse- 
quence is  propagated  through  the  whole  mass,  just  as 
sound  is.  The  pressure  required  to  generate  the  explosion 
is  not  the  same  in  all  cases.  NCI3  and  nitroglycerine 
decompose  on  the  application  of  a  very  slight  blow; 
acetylene,  on  the  contrary,  requires  a  violent  shock. 

Explosive  mixtures  contain  components  by  whose 
reaction  much  heat  is  liberated,  and  at  the  same  time 
gaseous  products  are  evolved. 

Examples.  Gunpowder,  detonating  mixture  (of  oxygen 
and  hydrogen). 

The  force  of  an  explosion  depends  on  the  velocity  of 
propagation  of  the  reaction,  on  the  production  of  heat, 
and  on  the  fact  that  all  or  a  part  of  the  products  are 
gaseous.  For  the  heat  evolved  causes,  in  a  very  short 
time,  a  great  expansion  of  the  gas.  The  explosion  is, 
however,  very  much  more  violent  when  not  only  gaseous 
products  result,  but  ones  formed  from  liquid  or  solid 


SOME  POINTS  IN  THERMO-CHEMISTRY  87 

material.  For  in  this  case  the  pressure  is  due  not  only 
to  rise  of  temperature,  but  also,  and  chiefly,  to  the  con- 
version from  solid  or  liquid  state  to  the  gaseous  :  for 
a  definite  mass  of  the  substance,  occupying  a  certain 
space,  first  as  solid  or  liquid,  after  the  reaction  suddenly 
comes  to  occupy  the  same  space  as  a  gas.  This  change 
of  state  causes  a  pressure  in  the  substance  of  the  order 
of  magnitude  of  a  thousand  atmospheres,  and  the  latter 
quantity  is  commonly  multiplied  by  a  considerable  factor 
due  to  rise  of  temperature. 

Examples.    NClg,  nitroglycerine,  gunpowder. 

Theoretical  determinations  of  the  pressure  and  tem- 
perature in  an  explosion  give  higher  values  than  ex- 
periment. This  depends  on  the  fact  that  the  reaction 
is  not  complete,  and  further,  that  in  the  calculation  it  is 
unavoidable  to  use  numbers  for  the  heat  of  reaction  and 
the  specific  heat  of  the  products,  which  are  determined 
at  altogether  different  temperatures  and  pressures  than 
those  occurring  in  the  explosion. 

§  35.  Causes  of  the  commencement  of  a  reaction. 

Substances  which  are  capable  of  reaction  can  frequently 
be  mixed  for  a  long  time  without  the  reaction  setting 
in;  the  beginning  of  the  reaction  has  to  be  brought 
about  by  special  causes.  The  same  thing  is  observed 
in  the  case  of  substances  with  negative  heats  of  reaction; 
without  special  occasion  they  remain  as  they  are. 

Examples.  Mixture  of  oxygen  and  hydrogen  at 
atmospheric  temperatures,  gunpowder,  acetylene,  mixture 
of  iron  and  sulphur. 

The  cause  is  not  always  the  same :  sometimes  it  is 
a  blow  or  a  local  heating,  as  in  explosive  substances, 
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fulminate  of  mercury,  nitroglycerine,  NClg,  and  in 
explosive  mixtures  such  as  gunpowder  and  oxyhydrogen 
mixture ;  sometimes  illumination  with  magnesium  light, 
as  in  the  case  of  a  mixture  of  chlorine  and  hydrogen. 
Sometimes  the  substance  or  mixture  must  be  heated 
throughout  its  mass ;  the  reaction  proceeds,  without 
further  heating  from  outside,  when  once  started  in  this 
way. 

Example.  Formation  of  chloroform  from  calcium 
chloride,  calcium  hydroxide,  alcohol,  and  water. 

§  36.  Criticism  of  the  principle  of  maximum  work. 
This  principle  has  a  very  wide  applicability  to  reactions 
which  take  place  under  normal  conditions  of  temperature 
and  pressure,  and  especially  to  reactions  of  substances 
which  are  very  stable  towards  rise  of  temperature. 

A  difficulty,  however,  soon  shows  itself :  viz.  the 
existence  of  endothermic  reactions  as  part  of  a  complex 
action,  which  as  a  whole  is  exothermic  (cf.  §  34,  a  and  d). 

The  generality  of  the  rule  is,  however,  much  restricted 
by  other  important  considerations,  which  we  will  now 
mention. 

,§  37.  Endothermic  reactions  at  ordinary  tempera- 
tures. The  following  is  a  purely  chemical  endothermic 
reaction : . 

NaFAq  +  HCl  Aq  =  NaCl Aq  +  HFAq-2.3  Cal, 
and  in  many  other  cases  heat  is  absorbed  when  solutions 
of  a  salt  and  an  acid  are  mixed.  But  it  is  not  necessary 
to  take  only  purely  chemical  processes  into  account,  for 
the  distinction  between  chemical  and  physical  processes 
cannot  always  be  made,  and,  what  is  more  important,  the 
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theory  on  which  the  principle  of  maximum  work  rests 
imphes  the  vahdity  of  the  principle  for  physical  pro- 
cesses as  well.  And  the  existence  of  many  physical 
actions  which  are  endothermic,  and  take  place  of  their 
own  accord,  can  easily  be  shown. 

Freezing  mixtures.  Snow  and  salt  at  0°  mixed  give 
a  liquid — a  salt  solution — whose  temperature  is  many 
degrees  below  0°.  Solid  Glauber  salt  and  concentrated 
hydrochloric  acid,  when  mixed,  absorb  a  large  amount 
of  heat. 

In  both  these  cases  we  have  strongly  endothermic  pro- 
cesses which  take  place  of  their  oivn  accord. 

Solution  of  salts  in  water.  Salts  mostly  dissolve  in 
water  with  absorption  of  heat :  this  process,  too,  is  self- 
acting. 

Note.  Salts  which  form  crystallized  compounds  with 
water  mostly  only  dissolve  with  absorption  of  heat  when 
they  are  brought  into  the  same  quantity  of  water  as 
goes  to  form  the  crystalline  hydrates  which  exist  at 
ordinary  temperatures. 

Evaporation  of  liquids.  Many  liquids  evaporate  at 
ordinary  temperatures,  and  in  doing  so  absorb  the  con- 
siderable latent  heat  of  evaporation :  water,  alcohol, 
ether.  This  change  of  state  is  also  endothermic  and 
self-acting. 

§  38.  Influence  of  chemical  mass.  An  element  C 
can  frequently  decompose  a  compound  AB,  even  when 
A,  B  >  A,  C,  if  only  the  quantity  of  C  in  comparison 
with  AB  is  sufficiently  great.  The  same  is  true  of 
double  decompositions. 
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Tlxamjples.    A  small  quantity  of  potassium  chloride 
is  decomposed  by  a  large  quantity  of  bromine,  with, 
formation  of  potassium  bromide,  although 

K,  CI  =  +  105-5,  K,  Br  =  +  95-8  Cal. 

Ethyl  alcohol  and  acetic  acid  mixed  in  molecular 
proportions  are  only  two-thirds  converted  into  water  and 
ethyl  acetate,  one-third  remaining  as  acid  and  alcohol. 
If  the  quantity  of  acid  or  of  alcohol  is  increased  then 
the  quantity  converted  becomes  greater.  The  heat  of 
reaction  is  in.  this  case  almost  zero. 

Dilute  HCl  mixed  with  a  solution  of  Glauber  salt 
decomposes  the  salt  with  an  endothermic  reaction,  and 
the  reaction  goes  further  the  greater  the  quantity  of 
acid  employed. 

§  39.  Dissociation.  Compounds  which  are  formed 
at  ordinary  temperatures,  with  an  exothermic  reaction, 
are  commonly  decomposed  at  very  high  temperatures 
(cf.  §  32).  The  decomposition  is,  however,  an  endothermic 
reaction. 

Note.  The  investigation  of  dissociation  phenomena 
was  first  undertaken  by  Henri  Saint  Claire  Deville  in 
1857. 

Examples.  Water,  hydrochloric  acid,  carbon  dioxide, 
are  partly  decomposed  at  high  temperatures.  Ammo- 
nium chloride  and  many  other  ammonium  salts  split  into 
ammonia  gas  and  acid.  Calcium  carbonate,  on  heating, 
gives  carbon  dioxide  gas.  The  so-called  efflorescence, 
or  loss  of  water  by  salts  with  water  of  crystallization, 
may  be  reckoned  amongst  phenomena  of  dissociation. 

§  40.  Principle  of  mobile  equilibrium.    This  prin- 
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ciple  is  the  combination  of  many  of  the  above  deviations 
from  the  principle  of  maximum  work. 

When  a  chemical  system  of  definite  form  changes 
reversibly  into  another  form  at  any  temperature^  both 
forms  exist  with  definite  concentration^. 

If  ike  passage  from  the  form  A  to  the  form  B  is  accom- 
panied hy  an  evolution  of  heat,  rise  of  temperattire  causes 
an  increase  in  the  quantity  in  the  form  A. 

If  A  is  changed  into  B  with  absorption  of  heat,  rise  of 
temperature  increases  the  amotmt  of  3. 

If  the  change  from  A  into  B  is  unaccompanied  hy  thermal 
effect,  rise  of  temperature  does  not  alter  the  distribution  of 
the  system  between  the  two  forms  which  exists  at  ordinary 
temperature. 

Note.  This  principle  was  introduced  into  chemistry 
by  van-'t  Hoff  in  1884. 

Examples.  Phenomena  of  Dissociation.  The  dissociation 
phenomena  mentioned  above  are  instances  of  exothermic 
reactions^  which,  on  rise  of  temperature,  are  partly  re- 
placed by  endothermic.  Water  is  formed  from  oxygen 
and  hydrogen  with  large  evolution  of  heat ;  but  at  high 
temperatures  it  is  partially  decomposed;  part  therefore 
reacts  according  to  the  equation 

aHgO  (vapour)  =  2H2  (gas) +  O2  (gas)  — 58  Cal. 

The  reaction 

CaO  +  CO.^  =  CaCOg 
is  exothermic,  but  at  high  temperatures  the  reverse 
reaction 

CaC03  =  CaO  +  COg 
takes  place,  which  is  endothermic  =  —  30-8  Cal, 

^  For  condensed  equilibrium  another  rule  holds  (cf.  §  45  c). 
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Salt  solutions.  Good  examples  are  to  be  found  in  the 
phenomena  of  solution  of  salts. 

When  a  saturated  solution  of  a  salt  (cf.  §  52)  is  in 
contact  with  the  solid  salt,  the  system  (salt  +  water) 
exists  in  two  forms :  solid  salt  and  solution. 

On  heating,  the  concentration  of  the  solution  changes  : 
it  either  increases  or  decreases,  only  in  exceptional  cases 
remaining  the  same. 

In  most  cases  the  concentration  of  the  solution 
increases,  e.g.  KNO3,  NagSO^ioAq,  CuS045Aq.  The 
salts  dissolve  with  evolution  of  heat,  i.  e.  with  an 
endotliermic  reaction,  and  so  the  reaction  produces  that 
form  which  on  rise  of  temperature  gains  in  quantity 
(cf.  §  53,  Note  i). 

Concentration  diminishes,  for  example,  with  ethyl 
acetate,  and  with  gypsum.  These  substances,  dissolved 
with  evolution  of  heat,  separate  from  the  water  of 
solution  on  rise  of  temperature ;  that  is,  the  form  pro- 
duced by  exothermic  action  decreases  in  amount  with 
rise  of  temperature. 

The  concentration  of  a  saturated  solution  of  sodium 
chloride  is  hardly  altered  by  temperature ;  and,  in  fact, 
the  heat  of  solution  of  that  salt  is  almost  zero. 

Esterif  cation.  An  instance  of  a  purely  chemical  re- 
action which  occurs  without  heat-effect  is  the  formation 
of  ethyl  acetate  and  water  from  alcohol  and  acetic  acid. 
At  normal  temperature  only  two-thirds  of  the  substances 
mixed  in  molecular  proportions  are  converted  into  the 
second  form  ;  at  higher  temperatures  the  transformation 
takes  place  more  rapidly,  but  the  quantity  formed  is 
neither  more  nor  less  than  at  normal  temperature. 
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Note.  The  criticism  of  the  principle  of  maximum 
work  implied  in  the  principle  of  mobile  equilibrium  may 
be  put  briefly  as  follows^  according  to  van  -"t  HoflE :  The 
principle  of  maximum  work  is  the  more  nearly  correct 
the  nearer  the  temperature  of  reaction  is  to  the  absolute 
zero;  at  the  absolute  zero  that  principle  would  be  abso- 
lutely correct.  That  the  principle  is  often  confirmed  at 
ordinary  temperatm*es  is  explained  by  the  fact  that  such 
temperatures  are  not  far  removed  from  the  absolute  zero 
by  comparison  with  the  highest  attainable  temperatures. 

It  may  be  put :  There  is  no  dissociation  at  the  absolute 
?:ero. 

§  41.  Chemical  equilibrium.  The  principle  of  maxi- 
mum work  would  involve  the  complete  transformation 
of  the  reagents,  and  therefore  the  existence  of  only  one 
form  of  the  chemical  system — that  which  is  produced 
with  the  greatest  evolution  of  heat. 

It  has  been  mentioned  that  this  conclusion  is  contra- 
dicted by  many  facts ;  these  facts  are :  Self-acting 
endothermic  reactions  at  ordinary  temperatures,  effect  of 
chemical  mass,  phenomenon  of  mobile  equilibrium. 

These  facts  may  be  brought  together  into  a  general 
theory,  which  is  called  the  theory  of  chemical  equilibrimn. 
The  fundamental  idea  of  it  is  this : 

Reacting  substances  are  not  completely  transformed, 
and  the  amount  transformed  depends  on  the  relative 
masses  of  the  reagents,  the  pressure,  and  the  temperature. 

This  fundamental  idea  may  be  formulated  in  other 
ways.  A  chemical  system  can  assume  more  than  one 
form;  in  general  these  forms  exist  side  by  side,  and 
the  system  divides  itself  between  them  in  parts  which 
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depend  on  the  mass  of  the  substances,  the  pressure,  and 
temperature. 

The  term  equilibrium  of  the  forms  does  not  imply  a 
condition  of  rest,  but  rather  one  of  movement;  trans- 
formation to  and  fro  takes  place  simultaneously,  but  in 
the  end  the  same  amount  of  each  form  is  composed  and 
decomposed.  When  this  condition  has  set  in  the  masses 
of  the  different  forms  bear  a  constant  relation. 

§  42.  Schematic  expression.    If  AB  and  CD  enter 

into  a  double  decomposition,  in'the  final  state  a  certain 
amount  of  AC  and  BD  exists  together  with  A  B  and  CD. 
This  final  state  may  be  expressed  by  the  equation 
AB  +  CD  =  a?  (AC  +  BD)  +  {i-x)  (AB  +  CD). 
In  this  way  the  quantitative  as  well  as  qualitative 
relation  may  be  expressed,  but  to  bring-  out  the  formation 
and  decomposition  it  may  be  written 

AB  +  CD:;^:  AC  +  BD. 
It  is  clear  that  in  the  same  way  simple  decompositions 
and  substitutions  may  be  expressed  : 

AB^A  +  B,         AB  +  C:^AC  +  B. 
Examples.    The  elements  oxygen  and  hydrogen  can 
take  the  form  of  water,  but  they  can  also  exist  in  the 
form  (hydrogen  +  oxygen).    At  high  temperatures  both 
forms  exist  in  measurable  quantities  together. 
That  is  aHg  +  Og  ^  2H2  O, 

2H2  +  02=  2a?H20  +  (i-a?)(2H2  +  OJ. 
2.  Action  of  nitric  acid  on  sodium  sulphate : 
NaSO^  Aq+  2HN03Aq      2NaN03Aq+  HgSO^  Aq, 
or     Na2S04Aq  +  2HN03Aq=  KH^SO^Aq 

+  2  Na  NO3  Aq)  + 1  (Na,  SO4  Aq  +  2HNO3  Aq). 
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3.  Colourless  nitrogen  tetroxide  decomposes  with  rise 
of  temperature  and  reduction  of  pressure,  with  formation 
of  the  coloured  modification 

4.  Calcium  carbonate  is  decomposed  on  heating  into 
calcium  oxide  and  carbon  dioxide 

Ca  CO3      Ca  O  +  CO2. 

§  43.  Proof  of  the  existence  of  equilibrium  be- 
tween simultaneous  reactions.  That,  eventually,  there 
is  equilibrium  between  the  two  reactions 

Form  A  =  Form  B    and    Form  B  =  Form  A 
follows  from  the  fact  which  is  characteristic  of  the 
reaction  :  the  final  state  is  the  same  whichever  form 
is  chosen  for  initial  state. 

If  ethyl  alcohol  and  acetic  acid  are  mixed  in  mole- 
cular proportions,  the  final  state  is 

i  (C.HeO  +  C^H.O^)  +  i  (C.H.OOC^Ha  +  H,0). 

The  same  result  is  reached,  however,  if  water  and 
ethyl  acetate  are  mixed  in  molecular  proportions. 

From  this  fact  it  is  clear  that  not  only  the  molecules 
CgHgO  and  C^H^Og  act  on  one  another,  but  also  the 
molecules  of  the  ester  and  of  water.  And  there  is 
no  reason  to  suppose  that  this  action  ceases  when  the 
stationary  state  is  arrived  at. 

For  this  reason  such  reactions  are  called  reversible  by 
contrast  with  those  which  proceed  in  one  direction  only. 
For  though  it  is  supposable  that  all  reactions  are  re- 
versible under  certain  conditions,  these  conditions  are 
not  known  for  all  reactions.  It  should  be  remembered, 
moreover,  that  in  many  cases  the  existence  of  a  reversible 
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reaction  at  all  temperatures  may  be  concluded  from  the 
observed  existence  of  such  a  reaction  at  some  temperature. 
At  high  temperatures  an  appreciable  decomposition  of 
steam  has  been  observed^  but  at  lower  temperatures 
decomposition  cannot  be  detected.  Still  it  may  be 
assumed  that  it  exists,  although  the  products  of  decom- 
position are  vanishingly  small  in  amount. 

§  44.  The  three  kinds  of  chemical  equilibrium. 

{a)  Homogeneous  equilibrium.  That  is,  equilibrium  be- 
tween substances  which  form  a  physical  mixture,  e.g. 
steam,  oxygen,  and  hydrogen;  NgO^  and  aNOgj 
Na2S0,Aci+  HN03Aq+  HNaSO^Aq  +  NaNOsAq. 

{f)  Heterogeneous  equilihritm.  That  is,  equilibrium 
between  substances  which  are  not  in  the  same  state 
of  aggregation.    E.  g. 

CaCOg  (solid)      CaO  (solid)  +  COg  (gas), 
KNO3  (solid)  ^  KNO3  (dissolved), 
Na^SO^.  10H2O  (solid)      Na2S04.9H20  (solid) 

+  HgO  (vapour). 

(c)  Condensed  eqiiililrium.  That  is,  equilibrium  be- 
tween substances  which  are  all  solid,  or  all  liquid,  or 
partly  solid  and  partly  liquid,  but  not  forming  a  homo- 
geneous mixture. 

§  45.  Influence  of  temperature  on  equilibrium. 

{a)  On  liomogetieous  equilibrium.  The  condition  of  a 
system  of  two  substances  in  equilibrium  is,  at  definite 
pressure  and  temperature,  given  by  the  ratio  of  the 
masses  of  the  two  forms. 

This  ratio  depends  on  the  temperature  of  the  system, 
and  stands  in  a  definite  relation  to  the  evolution  of  heat 
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which  accompanies  the  passage  of  the  one  form  into  the 
other.- 

The  laws  connecting  the  quantity  transformed,  the 
temperature,  and  the  heat  of  transformation,  are  those 
of  mobile  equilibrium  explained  in  §  40. 

Note.  In  homogeneous  equilibrium  the  specific 
gravity  frequently  suffices  to  determine  the  ratio  of 
mass  of  the  two  forms.  When  in  a  specimen  of  nitrogen 
tetroxide,  at  definite  temperature  and  pressure,  the 
weight  of  a  litre  has  been  determined,  and  it  is  known 
what  would  be  the  weight  if  the  space  were  filled  with 
O4  only  or  NO^  only,  the  composition  of  the  mixture 
that  is  in  agreement  with  the  observed  specific  gravity 
can  be  calculated. 

In  reactions  between  solutions  of  salts  and  acids  the 
mass  transformed,  and  therefore  the  equilibrium  state,  can 
be  reckoned  from  the  results  of  calorimetric,  volumetric, 
or  optical  observations.  J.  Thomsen  determined  the 
evolution  of  heat  with  which  the  mixture  of  solutions  of 
salts  and  acids  is  accompanied,  and  by  comparison  with 
the  evolution  that  would  take  place  if  the  decomposition 
were  complete,  calculated  the  quantity  transformed. 
W.  Ostwald  determined  the  specific  volume  and  the 
refractive  index  of  the  mixed  solutions,  as  well  as  those 
of  the  separate  acid  and  salt  and  their  products  of 
reaction,  and  used  these  data  to  calculate  the  amount 
transformed. 

There  are  also  several  special  methods. 

{b)  Influence  of  temperature  on  heterogeneous  equilibrium. 
When  a  condensed  system  is  in  contact  with  a  dilute 
one — a  solid  or  liquid  body  in  contact  with  a  gas,  a 
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vapour,  or  a  solution — the  equilibrium  is  not  described 
by  the  partition  of  the  system  between  the  two  forms, 
but  by  the  concentration  of  the  dilute  form.  If  the 
latter  is  a  gas  or  vapour  the  concentration  is  defined 
by  a  definite  pressure — the  dissociation  pressure^  Vt'hich  is 
independent  of  the  mass  of  the  condensed  substance. 

The  concentration  rises  with  the  temperature  when 
the  evolution  of  heat  or  passage  of  the  condensed  form 
into  the  dilute  is  negative ;  if  the  latter  is  positive  the 
concentration  diminishes,  in  accordance  with  the  principle 
of  mobile  equilibrium  (§  40). 

An  example  is  the  case  of  calcium  carbonate,  which, 
heated  in  a  closed  space,  dissociates  into  calcium  oxide 
and  carbon  dioxide  till  the  gas  attains  a  certain  pressure. 
Other  examples  are  to  be  found  in  salts  with  water 
of  crystallization,  each  of  which  possesses  a  definite 
vapour  pressure,  dependent  on  the  temperature ;  and 
also  saturated  salt  solutions  (§  40). 

(c)  Influence  of  temperat^ire  on  condensed  equilibrium. 
This  equilibrium  occurs,  under  definite  pressiu-e,  only  at 
one  temperature,  and  the  mass  of  the  co-existing  forms 
of  the  substances  occurring  is  indeterminate :  rhombic 
and  monosymmetric  sulphur  at  96°  are  in  equilibrium 
in  any  proportions  together.  On  rise  of  temperature 
equilibrium  ceases,  and  the  transformation  takes  place 
according  to  the  rules  of  §  40  :  that  form  appears  which 
is  formed  from  the  other  with  absorption  of  heat. 

In  condensed  systems,  therefore,  the  condition  is  that 
the  forms  can  only  coexist  at  one  temperature :  above 
that,  only  the  one  form  is  stable  ;  below  it,  only  the 
other.     The  temperature  which  separates  these  two 
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states  is  called  the  transformation  temperature  or  point  of 
transfortriation. 

§  46.  Influence  of  pressure  on  equilibrium,  [a)  In- 

jitience  on  liomogeneons  equilibrium.  When  a  homogeneous 
gaseous  mixture  of  reagents  is  in  equilibrium,  and  the 
temperature  remains  constant,  rise  of  pressm-e  upsets  the 
equilibrium,  and  favours  that  form  which  is  produced 
fi'om  the  other  with  a  diminution  in  the  number  of  mole- 
cules. 

More  briefly  put :  The  system  tends,  in  consequence 
of  rise  of  pressure,  towards  the  more  condensed  form. 

Example.  ^^04  ^  ^NOg 

compression  of  the  mixture  increases  the  quantity  of 

Equimolecular  reactions  constitute  a  special  case,  e.  g. 

in  such  cases  the  equilibrium  state  is  not  altered  by 
pressure,  provided  the  latter  is  not  too  great. 

[h)  Injluence  of  pressure  on  heterogeneous  equilibrium. 
When  the  dilute  form  is  a  gas,  increase  of  pressure  at 
constant  temperature  is  of  no  permanent  influence  on 
the  equilibrium : 

CaCOg  (solid)  ^  CaO  (solid)  +  COg  (gas). 
At  constant  temperature,  increase  of  pressure  of  the 
carbon  dioxide,  i.e.  increase  of  concentration  of  the 
carbon  dioxide,  causes  formation  of  CaCOg  until  the 
original  pressure  is  restored. 

The  same  is  observed  in  the  case  of  salts  with  water 
of  crystallization  :  compression  of  the  vapour  causes  it  to 
recombine  with  the  dehydrated  salt. 

H  3 
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For  salts  in  contact  with  their  saturated  solution,  rise 
of  pressure  increases  the  amount  dissolved  when  that 
increase  is  attended  with  contraction;  i.e.  when  the  total 
volume  of  the  salt  and  the  water  required  to  dissolve  it 
is  g-reater  than  that  of  the  solution  formed. 

For  these  cases,  too,  the  rule  holds  that  the  system 
tends  to  the  more  condensed  form,  when  the  pressure  is 
increased. 

(c)  Influence  of  pressure  on  condensed  equilihr'mm.  The 
mass  ratio  of  the  two  forms  in  this  kind  of  equili- 
brium does  not  bear  a  fixed  relation  to  the  pressure 
when  the  temperature  is  constant,  for  at  the  temperature 
of  transformation  the  forms  can  coexist  in  any  propor- 
tion. The  transformation  point  itself  is  affected  by 
increase  of  pressure,  and  commonly  lowered. 

§  47.  Influence  of  chemical  mass  on  equilibrium. 

This  influence  only  presents  novelty  in  the  case  of 
homogeneous  equilibrium.  Increase  in  the  quantity  of 
a  reagent  increases  the  extent  of  that  reaction  which 
the  substance  in  question  can  effect. 

In  the  reaction 

alcohol  +  acid  ^  ester  +  water, 
esterification  is  favoured  by  increase  in  the  quantity 
of  either  alcohol  or  acid ;  addition  of  water,  on  the 
other  hand,  reduces  the  amount  of  ester  formed. 

Note  i.  When  a  substance  is  hindered  in  its  action 
its  mass  is  practically  lessened.  Thus,  the  formation  of 
ester  is  facilitated  by  leading  a  stream  of  hydrochloric 
acid  gas  through  the  solution,  for  that  combines  with 
the  water,  and  takes  it  out  of  the  reaction. 
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Note  2.  The  conception  o£  chemical  mass  was  in- 
troduced as  early  as  the  beginning  of  this  century  by 
Berthollet.  In  more  recent  chemistry,  important  applica- 
tions of  it  were  first  made  by  Guldberg  and  Waage 
(1867). 

§  48.  Analogy  between  physical  and  chemical 
changes  of  state.  The  laws  of  chemical  equilibrium 
are  elucidated  by  comparison  with  the  physical  changes 
of  state  of  a  substance. 

Water  may  be  solid,  liquid,  or  gaseous,  and  the  passage 
from  one  state  to  another  is  accompanied  by  a  thermal 
effect.  Each  transformation  is  influenced  by  tempora- 
tui-e  and  pressure,  and  is  reversible  with  respect  to  them : 
a  change  of  state,  which  is  produced  by  a  change  of 
pressure  or  temperature,  is  reversed  when  the  pressure  of 
temperature  returns  to  its  former  value. 

There  is  equilibrium  between  the  physical  states :  at 
0°  ice  is  in  equilibrium  with  water,  below  0°  ice  with 
vapour,  above  0°  water  with  vapour. 

Rise  of  temperature  favours  that  state  of  aggregation 
which  is  formed  from  the  other  with  absorption  of  heat 
(principle  of  mobile  equilibrium,  §  40).  Ice,  on  heating, 
is  converted  into  water.  This  transformation  absorbs  a 
considerable  amount  of  heat — the  latent  heat  effusion. 

Water,  on  heating,  gives  off  steam  of  increasing 
density  and  increasing  pressure,  and  the  steam  is  formed 
with  absorption  of  heat — the  latent  heat  of  evaporation. 

The  system  water  +  steam 

is  in  equilibrium  according  to  the  equation 

water  ^  steam, 
and  is  analogous  to  heterogeneous  equilibrium.  The 
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equilibrium  is  such  that  at  a  definite  temperature,  the 
density^  and  consequently  the  pressure,  of  the  steam  has 
a  definite  value.  Compression  does  not  permanently 
alter  this  value,  for  it  converts  the  vapour  into  liquid 
water,  till  the  pressure  resumes  its  former  value. 
Condensed  equilibrium  exists  at  o°  in  the  system 

ice      water ; 

by  increase  of  pressure  the  temperature  of  conversion 
(in  this  case  the  freezing  point)  is  lowered. 

§  49.  Laws  of  BerthoUet.  Principles. 

I.  When  two  substances,  A  and  B,  each  of  which 
can  react  with  a  third,  C,  are  both  present  with  C  in 
a  homogeneous  mixture,  in  the  final  state  neither  AC 
nor  BC  will  exist  alone,  but  a  mixture  of  AC  and  BC 
in  equilibrium,  in  proportions  depending  on  the  relative 
affinities,  and  on  the  chemical  masses  of  A  and  B. 

1.  When  the  substances  AC  and  BC  are  not  soluble, 
or  only  slightly  soluble,  in  the  liquid,  they  will  separate 
from  it,  and  the  remaining  dissolved  substances  will 
tend  to  a  new  equilibrium  by  forming  new  quantities  of 
AC  or  BC.  Prom  these  principles  certain  laws  may  be 
deduced : 

First  law  of  Berfliollet.  When  dissolved  substances 
give  rise  to  an  insoluble  compound  by  their  mutual 
action,  the  reaction  proceeds  to  complete  transformation 
of  the  reagents. 

Example.  Silver  nitrate  and  hydrochloric  acid  are 
completely  converted  into  silver  chloride  and  nitric  acid. 

Second  law  of  BerthoUet.  When  reacting  substances 
give  rise  to  a  volatile  compound  by  their  mutual  action, 
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tte  reaction  becomes  complete  by  continuous  formation 
of  the  volatile  substance. 

Example.  Calcium  carbonate  is  completely  decom- 
posed by  dilute  hydrochloric  acid,  with  formation  of 
carbon  dioxide;  sodium  chloride  by  sulphuric  acid,  with 
formation  of  hydrochloric  acid. 

Note.  These  laws  were  stated  in  the  Essai  de 
Statique  Chimique  in  1804. 

Explanation.  Berthollet's  principles  are  in  agreement 
with  modern  theories,  for  they  specify  a  state  of  equili- 
brium between  two  forms,  and  introduce  the  notion  of 
mass-action  into  the  treatment.  They  do  not,  however, 
take  into  account  the  effect  of  temperature  and  pres- 
sure, and  the  influence  of  the  thermal  effect  on  change 
of  state  is  not  considered. 

Still,  the  laws  deduced  from  these  principles  are  of 
great  practical  utility,  since  they  apply  to  many  re- 
actions which  take  place  under  normal  conditions,  and 
come  frequently  into  play  in  the  usual  operations  in  the 
laboratory.  They  are  wanting  in  logical  strictness, 
however,  because  the  conditions  of  insolubility  and  vola- 
tility with  regard  to  the  liquid  are  not  accui-ately 
defined.  It  could  not  be  predicted  from  the  first  law 
that  AgCN  would  dissolve  in  KCN,  and  AgCl  be 
decomposed  by  KCN,  The  second  law  does  not  explain 
why  sulphide  of  iron  is  attacked  by  hydrochloric  acid, 
but  not  sulphide  of  copper ;  the  first  leaves  unexplained 
why  sulphureted  hydrogen  deposits  copper  sulphide 
from  an  acid  solution  of  ferrous  and  cupric  chlorides, 
but  not  ferrous  sulphides.  Such  problems  may,  however, 
often  be  explained  by  aid  of  the  law  of  maximum  work. 
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§  50.  Watt's  principle.  If  a  space  includes  two 
points  of  different  but  constant  temperature,  and  con- 
tains liquid  at  these  points,  the  vapour  of  the  liquid 
will  move  towards  the  colder  point;  it  will  condense 
there,  until  liquid  exists  only  at  the  colder  spot,  and 
the  rest  of  the  space  is  filled  with  vapour  of  pressure 
equal  to  the  saturation  pressure  corresponding  to  the 
lower  temperature. 

Example.  Water  heated  to  boiling-,  in  a  still  whose 
condenser  is  kept  at  o°,  sends  its  vapour  into  the  con- 
denser ;  there  the  vapour  is  mostly  condensed,  till  all  the 


ioo°- 


water  has  passed  from  the  boiler  into  the  condenser,  and 
the  apparatus  is  filled  with  vapour  at  4  mm.  pressure. 

Explanation.  Water  at  100°  is  in  equilibrium  with 
vapour  of  such  density  that  its  pressure  is  one  atmosphere; 
water  at  0°,  on  the  other  hand,  is  in  equilibrium  with 
vapour  whose  density  corresponds  to  4  mm.  pressure. 

In  A  the  vapour  pressure  is  therefore  steadily  one 
atmosphere,  in  B  it  cannot  rise  above  4  mm.  Since  the 
vapour  spreads  out  from  both  points  throughout  the 
space,  the  colder  vapour  will  be  driven  back  by  the 
hotter,  since  the  pressure  of  the  latter  is  the  greater. 
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The  hot  vapour  thus  comes  into  where  it  must  mostly 
be  transformed  into  liquid  water,  since  in  B  vapour 
can  only  exist  of  a  density  corresponding  to  4  mm. 
This  distillation  will  obviously  only  come  to  an  end 
when  all  the  liquid  has  vanished  from  A,  and  a  pressure 
of  4  mm.  holds  throughout  the  space. 

Applications.  Distillation.  A  liquid  is  separated  from 
non-volatile  substances  dissolved  in  it  by  heating  in 
a  vessel  provided  with  a  receiver  kept  constantly  cool. 
The  vapour  of  the  liquid  passes  into  the  receiver  and 
condenses  there  while  the  non- volatile  substance  remains 
in  the  vessel. 

In  this  way  water,  e.  g.,  may  be  separated  from  salts 
dissolved  in  it.  So,  too,  nitric  acid  is  separated  from 
the  mixture  that  results  from  adding  sulphuric  acid  to 
NaNOg,  the  separation  leading  at  the  same  time  to  the 
complete  transformation  of  the  mixture  :  for  the  equili- 
brium is  upset,  and  to  restore  it  new  quantities  of  nitric 
acid  are  continually  formed.  Sulphuric  acid  may  be 
separated  by  distillation  from  lead  sulphate,  which 
absorbs  it  in  the  leaden  chambers. 

Fractional  distillation.  A  mixture  of  liquids  gives 
off,  on  heating  in  distillation  apparatus,  vapour  which 
at  first  consists  principally  of  the  most  volatile 
constituent.  Consequently  the  distillate  contains  this 
substance  purer  than  in  the  original  liquid.  When  the 
liquid  obtained  by  condensing  is  redistilled,  the  first 
part  of  the  distillate  is  again  purer  than  the  liquid 
obtained  by  the  previous  operation.  No  perfectly  pure 
product  can  be  obtained  by  repeated  distillation ;  first, 
because  in  each  distillation  the  quantity  of  impurity  is 
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diminished,  but  never  altogether  removed,  and  secondly, 
because  the  liquid  remaining  undistilled  often  becomes 
a  mixture  capable  of  evaporation  and  condensation 
without  further  change  of  composition.  That  happens 
because  the  boiling  point  of  such  a  mixture  is  lower 
than  that  of  either  constituent,  or  of  mixtures  of  any- 
other  composition ;  for  in  that  case  the  mixture  boils 
first,  and  any  other  mixture  goes  over  afterwards.  But 
also,  if  the  boiling  point  of  a  certain  mixture  is  higher 
than  that  of  either  constituent,  or  of  mixtures  of  other 
composition,  it  distils  without  change  of  composition ; 
for  in  that  case  the  more  volatile  mixtures  go  over  first, 
while  the  least  volatile  remain  in  the  still. 

Fractional  distillation  has  an  important  application  in 
the  purification  of  rock  oil. 

The  existence  of  such  mixtures  of  constant  composi- 
tion is  the  reason  that,  e.  g.,  ethyl  alcohol  cannot  be 
obtained  absolutely  pure  by  distillation  from  its  aqueous 
solution,  for  a  mixture  of  94  per  cent.  CgHgO  and  6  per 
cent,  of  HgO  passes  over  unchanged.  So,  too,  aqueous 
hydrochloric  acid  cannot  be  indefinitely  concentrated  by 
continued  distillation,  for  the  composition  of  the  vapour 
continually  approaches  that  of  the  liquid  remaining  in 
the  retort,  so  that  finally  vapour  and  liquid  have  just 
that  composition  which  is  not  altered  by  boiling. 

The  composition  of  the  mixture  that  passes  over  un- 
changed depends  on  the  pressure,  so  that  the  mixture 
cannot  be  regarded  as  a  chemical  compound. 

Liquefaction  of  gases  tinder  their  own  j^ressure.  If  in 
a  closed  knee-shaped  tube,  one  limb  contains  crystals 
of  chlorine  hydrate  Cl^ioH^O,  and  the  other  limb 
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is  immersed  in  snow,  or  in  a  freezing-  mixture,  free 
chlorine  can  be  evolved  by  cautious  heating  of  the 
hydrate,  and  passes  over  to  the  cooler  spot.  If  the  gas 
is  in  excess  its  pressui-e  eventually  rises  to  the  maximum 
pressure  of  liquid  chlorine  at  the  temperature  of  the 
freezing  mixture,  and  chlorine  condenses  in  the  cold 
limb ;  thenceforward  distillation  occurs,  as  might  be 
anticipated  from  the  principle  of  Watt. 

Ammonia  gas  can  be  liquefied  in  the  same  way,  by 
heating  its  solid  compound  with  silver  chloride  in  a 
closed  tube,  of  which  one  limb  is  placed  in  a  freezing' 
mixture. 

Of  course  the  temperature  of  the  freezing  mixture 
must  be  below  the  critical  temperature  of  the  gas. 

AjopUcation  to  the  theory  of  the  transformation  povit. 
A  substance  in  contact  with  its  vapour  in  a  space 
which  is  not  all  at  the  same  temperature  tends  to 
assume  that  form  for  which  the  vapour  pressure  is  least. 
So  when  at  the  lowest  temperature  more  than  one  form 
can  exist,  the  substance  will  assume  that  form  which 
possesses  the  lowest  vapour  pressure.  Liquid  water  can, 
under  certain  circumstances,  exist  below  0°  in  contact 
with  vapour  of  definite  density  and  definite  pressure. 
But  ice,  too,  is  in  equilibrium  with  vapour  of  water 
below  0°.  But  at  any  given  temperature  below  0°  the 
pressure  of  water  vapour  is  greater  than  the  pressure  of 
the  vapour  of  ice.  Consequently,  if  ice  and  liquid  water 
coexist  at  any  temperature  below  0°,  the  vapour  of  water 
will  distil  over  towards  the  ice  and  be  converted  into  ice. 
Ice  and  water  cannot,  therefore,  form  a  stable  system 
below  0°  (cf.  §  48). 
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At  o°,  on  the  contrary^  the  vapour  from  water  and 
that  from  ice  have  the  same  density  and  pressure,  so  that 
at  that  temperature  the  existence  of  both  forms  is  pos- 
sible, while  at  higher  temperatures  only  one  form  is 
stable. 

The  freezing  point  of  water  is  therefore  the  trans- 
formation point  for  the  condensed  equilibrium 
ice  (  +  vapour)  ^  water  (  +  vapour). 

By  similar  reasoning  it  can  be  shown  that  at  a 
definite  temperature  rhombic  and  monosymmetric  sul- 
phur can  exist  together,  while  above  it  only  one,  below 
it  only  the  other,  form  is  stable. 

§  51.  The  principle  of  Watt  applied  to  the  trans- 
ference of  bodies  at  normal  temperature.  The  validity 
of  Wattes  principle  is  explained  by  two  facts.  Firstly : 
A  condensed  substance  forms  a  stable  system  with  its 
vapour,  which  at  a  definite  temperature  possesses  a  defi- 
nite density  and  pressure.  Secondly  :  There  is  not  equi- 
librium between  two  systems  having  vapom-  of  different 
densities  and  pressures  when  present  in  the  same  space, 
but  the  vapour  moves  from  the  place  of  high  to  the  place 
of  low  pressure. 

In  the  preceding  section  cases  were  considered  in  which 
the  difference  of  pressures  was  due  to  difference  of  tempera- 
ture. It  is,  however,  plain  that  the  movement  of  vapour 
must  take  place  when  there  is  a  difference  of  vapour 
pressure  due  to  any  cause.  Watt's  principle  may,  there- 
fore, be  extended  and  formulated  as  follows : — If  there 
are  two  points  in  a  given  space  whose  properties  cause  a 
difference  of  pressure  for  the  vapour  of  a  substance  in 
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contact  with  a  condensed  form,  the  vapour  will  flow 
from  the  point  of  high  to  the  point  of  low  pressure. 

The  system  consisting  of  the  two  points  tends^  there- 
fore, towards  equality  of  pressure. 

Example.  Water  placed  in  a  closed  space  beside  a  salt 
solution  sends  vapour  to  the  solution. 

Applications.  Hygroscopic  salts  and  acids.  By  hygro- 
scopic acids  and  salts  is  meant  those  that  are  very  soluble 
in  water ;  their  saturated  solution  is  in  equilibrium  with 
vapour  whose  pressure  is  much  less  than  that  of  water 
at  the  same  temperature.  Water,  when  present  in  a 
closed  space  by  the  side  of  such  a  substance,  sends  vapour 
to  it,  since  a  small  quantity  of  water  brought  into  con- 
tact with  the  substance  forms  a  very  concentrate4  solu- 
tion on  its  surface ;  this  solution  has  a  very  small  vapour 
pressure,  and  so  forms  a  point  of  low  pressure  to  which 
the  vapour  of  the  pure  water  constantly  moves,  and 
consequently  distils  over  at  normal  temperature. 

Since  the  vapour  pressure  of  all  salt  solutions  is  lower 
than  that  of  water,  they  all  attract  vapour  of  pure  water. 
The  pressure  of  satui-ated  solutions  of  slightly  soluble 
substances  is,  however,  but  little  less  than  that  of  water, 
so  the  distillation  is  excessively  slow. 

The  atmosphere  alwaj'^s  contains  water  vapour,  whose 
density  and  pressure  vary  much  in  different  places  and 
at  different  times.  If  there  is  anywhere  a  concentrated 
salt  solution  whose  vapour  pressure  is  less  than  the 
actual  pressure  of  vapour  in  the  atmosphere,  it  will 
absorb  vapour  from  the  atmosphere ;  the  solution  then 
exercises  a  hygroscopic  action.  The  hygroscopic  action 
of  very  soluble  salts  is  therefore  still  more  intense. 
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Damp  air  forms  on  the  surface  of  such  bodies  a  layer 
of  very  concentratedj  saturated  solution,  which  acts  as 
a  point  of  low  vapour  pressure.  As  soon  as  it  is  formed, 
the  vapour  of  the  atmosphere,  which  usually  exceeds  the 
salt  solution  in  pressure,  moves  towards  it.  There  is  thus 
formed  more  solution,  which  remains  saturated  and  of 
very  low  pressure  so  long  as  the  solid  salt  is  not  all 
dissolved.  When  the  salt  is  all  dissolved,  the  solution 
continually  absorbs  moisture  till  it  reaches  a  degree  of 
dilution  at  which  its  vapour  pressure  is  equal  to  that  of 
the  atmospheric  vapour. 

Note  i  .  This  treatment  is  not  unconditionally  true 
for  hygroscopic  action  of  purely  chemical  character,  such 
as  that  of  P2O5.    ^^Ps  equilibrium  with  water 

vapour  of  a  definite  pressure,  but  forms  with  it  a  com- 
pound H3PO4.  One  may,  however,  say  that  Pg^s 
stitutes  a  point  of  vapour  pressure  zero.  The  same  holds 
for  anhydrous  calcium  chloride.  The  first  hygroscopic 
action  of  this  salt  consists  in  the  formation  of  the  hy- 
drated  salt,  and  it  acts  as  a  point  of  vapour  pressure 
zero  ;  afterwards  a  saturated  solution  is  formed. 

Saturated  solutions  of  slightly  soluble  substances  exer- 
cise no  hygroscopic  action  because  their  vapour  pressure 
is  greater  than  that  of  the  vapour  in  the  atmosphere. 
Such  a  solution  gives  off  water  vapour  till  all  the  water 
has  disappeared. 

Deliquescence  of  solids  in  the  air.  It  can  now  be  easily 
seen  what  solids  deliquesce  in  the  air.  It  is  those  bodies 
whose  saturated  solutions  possess  at  ordinary  tempera- 
tures a  pressure  less  than  the  pressure  of  the  atmospheric 
water  vapour ;  if  the  pressure  is  greater  than  that  of 
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atmospheric  water  vapour,  the  solid  does  not  deliquesce, 
but,  on  the  contrary,  if  it  be  damp,  becomes  dry  in  the 
air. 

In  general,  therefore,  deliquescence  is  a  property  of 
very  soluble  substances  only. 

Potassium  carbonate  deliquesces,  because  a  trace  of 
water  forms  with  it  a  trace  of  saturated  and  very  con- 
centrated solution,  possessing-  a  very  small  vapour  pres- 
sure, so  that  water  vapour  steadily  distils  into  this 
solution. 

Potassium  sulphate  does  not  deliquesce,  for  if  it  gets 
accidentally  wet  it  forms  only  a  dilute  solution  whose 
pressure  is  greater  than  that  of  atmospheric  moisture, 
so  that  the  sulphate  gives  up  its  water  again  to 
the  air. 

Pure  sodium  chloride  is  moderately  soluble  and  not 
deliquescent.  But  the  common  salt  of  commerce  con- 
tains some  very  soluble  chloride  of  magnesium,  and  as 
that  deliquesces,  the  common  salt  itself  appears  hygro- 
scopic. 

Sodium  nitrate  (Chili  saltpetre)  is  very  soluble  at 
ordinary  temperatures,  potassium  nitrate  (saltpetre)  only 
slightly  so.  Consequently  Chili  saltpetre  is  too  hygro- 
scopic to  employ  in  making  gunpowder,  but  potassium 
nitrate  is  well  adapted  to  that  purpose.  The  difference 
of  solubilities  is  the  reason  why  saltpetre  can  be  made 
from  the  sodium  salt  according  to  the  reaction 
NaNOg  +  KCl  =  KNO3  +  NaCl. 

Hot  solutions  of  NaNOg  and  KCl  are  mixed  and 
boiled,  and  the  KNO3  formed,  remains  dissolved,  being 
highly  soluble  in  hot  water.    On  cooling,  it  crystallizes 
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out,  being  but  slightly  soluble  in  cold  water.  The 
solubility  of  sodium  chloride,  however,  is  about  the 
same  in  hot  and  cold  water,  so  the  sodium  chloride 
remains  in  solution.  The  same  causes  which  render 
saltpetre  applicable  to  the  preparation  of  gunpowder 
make  possible  the  preparation  of  saltpetre  from  sodium 
nitrate  and  potassium  chloride. 

Efflorescence  of  aqtieous  salts.  It  has  already  been 
remarked  that  a  salt  containing  water  of  crystallization 
is,  at  a  definite  temperature,  in  equilibrium  with  water 
vapour  of  definite  density  and  pressure.  There  is,  there- 
fore, for  each  salt,  as  for  pure  water,  a  characteristic 
table  of  vapour  pressures.  An  aqueous  salt  is,  therefore, 
at  a  definite  temperature,  a  point  of  definite  vapour 
pressure. 

If,  at  normal  temperature,  the  density  and  pressure 
of  the  vapour  from  the  salt  exceeds  that  of  the  atmo- 
spheric water  vapour,  the  crystal  will  give  off  water  to 
the  air,  and  effloresce.  If  the  vapour  pressure  of  the 
crystal  is  exceeded  by  that  of  the  air,  the  crystal  does 
not  lose  water,  or  more  correctly,  what  it  does  give  off 
is  continuously  replaced  by  atmospheric  vapour,  and  the 
crystal  does  not  eflSoresce. 

Example.  Sodium  sulphate  eflfloresces,  magnesium 
sulphate  does  not. 

If  fresh  crystals  of  the  two  salts  are  placed  side  by 
side  in  the  air,  it  is  easy  to  tell  one  from  the  other  after 
a  time,  for  the  first  effloresces,  but  not  the  latter. 

Note  a.  It  is  assumed  in  the  above  treatment  that 
the  vapour  pressure  of  the  atmosphere  is  more  or  less 
constant.    It  is,  however,  clear  that  if  the  pressure  is 
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low  substances  may  effloresce  instead  of  deliquescing, 
whilst  if  it  be  high  they  may  deliquesce  instead  of 
efflorescing. 


CHAPTEE  V 

SOLUTIONS 

§  52.  Many  substances  make,  with  water,  a  homo- 
geneous liquid  mixture,  which  is  called  a  solution. 

Note.  It  is  not  water  only  that  is  capable  of  dis- 
solving substances :  but  in  this  book  aqueous  solutions 
will  be  considered  chiefly. 

A  solution  is  saturated,  at  a  given  temperature,  when, 
on  contact  with  a  substance  of  which  it  already  contains 
some,  it  will  not  take  up  any  more.  If  from  any  cause 
it  contains  more  than  the  quantity  required  to  saturate, 
it  is  called  supersaturated.  Supersaturation  only  occurs 
when  the  solution  is  not  in  contact  with  the  substance 
it  contains  dissolved  ;  for  contact  at  once  causes  separa- 
tion of  a  part  of  the  dissolved  substance,  however  little 
there  may  be  of  the  solid. 

A  saturated  solution  of  a  substance  in  contact  with 
that  substance  in  the  undissolved  state  forms — at  a 
given  temperature — a  system  in  stable  equilibrium.  As 
a  rule  the  quantity  of  dissolved  substance  increases  with 
rise  of  temperature ;  there  are,  however,  bodies  whose 
solubility  decreases  with  rise  of  temperature. 

Examples.  Nitre,  Chili  saltpetre,  Glauber  salt,  and 
many  others  are  more  soluble  hot  than  cold.  Gypsum 
and  ethyl  acetate,  on  the  other  hand,  are  more  soluble 
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cold  than  hot.  Sodium  chloride  dissolves  to  about  the 
same  extent  in  hot  and  cold  water. 

§  53.  The  solubility  of  a  substance  at  a  given  tem- 
perature is  the  number  of  grams  of  it  which  dissolve  in 
loo  grams  of  water. 

On  the  relation  between  solubility,  temperature,  and 
heat  of  solution,  see  §  40. 

Note  i.  It  must  be  remembered  -that  the  heat  of 
solution  occurring  in  §  40  means  the  heat  evolved  when 
the  substance  is  dissolved  in  a  solution  already  nearly 
saturated,  i.e.  t/ie  heat  of  solution  in  an  ahiost  saturated 
solution  . 

The  solubility  of  solids  and  liquids  is  only  appreciably 
affected  by  pressure  when  the  latter  is  very  great.  Cf . 
§46. 

Note  a.  The  relations  between  solubility  and  pressure, 
solubility  and  temperature,  are  only  valid  when  water 
and  the  dissolved  substance  do  not  mix  in  all  propor- 
tions. For  alcohol,  e.  g.,  which  mixes  in  all  proportions 
with  water,  there  is  no  coefficient  of  solubility. 

Gases  which  are  little  soluble  in  water  follow  the 
law  of  Henry ;  their  solubility  at  a  given  temperature  is 
proportional  to  the  pressure. 

§  54.  For  salts  containing  water  of  crystallization, 
each  hydrate  has  its  own  solubility.  It  is  thus  possible 
for  a  solution  to  be  supersaturated  for  various  substances, 
viz.  for  various  hydrates.  A  concentrated  solution  of 
sodium  sulphate  prepared  at  40°,  and  then  cooled  to 
atmospheric  temperature,  is  not  only  supersaturated  with 
(i.e.  crystallizes  on  contact  with)  NagSO^ioH^O,  but 
also  with  Nag  S  O4  7  O. 
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This  fact  makes  it  difficult  to  decide  in  what  con- 
dition a  dissolved  salt  is  present  in  solution.  It  is  at 
any  rate  certain  that  a  hydrate  in  contact  with  the 
solution  forms  a  system  in  stable  equilibrium. 

Note.  The  relation  between  solubihty  of  a  salt  and 
temperature  is  frequently  expressed  graphically,  the 
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temperatures  being  taken  as  abscissae,  solubilities  as 
ordinates.  The  solubility  should  be,  not  that  of  a  hy- 
drate, but  the  mass  of  anhydrous  salt  in  lOO  parts  of 
water.  Or  frequently  it  is  expressed  as  the  mass  of 
anhydrous  salt  in  ico  parts  of  the  sohttidn.  In  the 
curves  above,  the  former  meaning  is  adopted. 

I  % 
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§  55.  Osmosis.  If  a  solution  be  surrounded  by  an 
envelope  which  allows  water  to  pass  through  it,  but 
not  the  dissolved  substance,  and  the  envelope,  with  the 
solution  in  it,  be  placed  in  water,  the  water  will  pass 
into  the  solution  through  the  envelope  from  outside 
(osmosis). 

Many  animal  and  vegetable  membranes  possess  this 
property  of  semi-permeability,  but  Osmosis  has  been 
accurately  studied  with  artificial  semi- 'permeable  mem- 
hranes. 

The  passage  of  the  water  can  be  stopped  by  apply- 
ing pressure  to  the  solution.  The  pressure,  which  is  in 
equilibrium  with  the  force  of  the  penetrating  water,  is  called 
the  osmotic  pressure. 

The  osmotic  pressure  increases  with  the  concentration 
and  the  temperature  of  the  solution. 

§  56.  Osmotic  phenomena  in  dilute  solution.  A 
solution,  separated  from  water  by  a  semi-permeable  mem- 
brane and  compressed  by  a  piston,  may  be  compared  to 
a  gas  which  is  contained  in  a  cylinder  and  kept  in 
equilibrium  with  the  atmosphere  by  a  frictionless  piston. 
When  the  piston  is  raised,  the  dissolved  substance 
expands,  i.  e.  water  passes  through  the  membrane,  the 
volume  of  the  solution  increases,  and  the  osmotic  pres- 
sure decreases.  If  the  piston  is  lowered  into  the 
cylinder,  water  is  forced  out  through  the  membrane, 
the  solution  becomes  more  concentrated,  and  the  osmotic 
pressure  increases.  If  the  system  is  heated,  and  the 
piston  is  to  remain  in  place,  the  pressure  on  it  must  be 
increased,  i.  e.  the  osmotic  pressure  is  greater. 

Both  dilute  and  concentrated  solutions  are  in  this 
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way  analogous  to  gases.  But  in  the  case  of  dilute 
solutions^  a  complete  qua7ititative  agreement  with  gases 
occurSj  which  was  first  shown  by  Van^t  Ploff  in  1886. 
When  a  dilute  solution  is  contained  in  a  cell  with  a 
semi-permeable  membrane,  and  the  cell  is  placed  in 
water,  the  solution  foUozvs  the  laws  of  Boyle  and  Gay- 
Liissac  and  the  law  of  Avogadro. 

So,  for  solutions  of  the  same  substance,  at  constant 
temperature,  the  osmotic  pressure  is  proportional  to  the 
density;  at  constant  volume,  the  osmotic  pressure  is 
proportional  to  the  absolute  temperature. 

For  solutions  of  different  substances,  at  equal  tem- 
perature and  equal  concentration,  the  osmotic  pressure 
is  inversely  as  the  molecular  weight ;  or,  solutions  of 
the  same  molecular  concentration^  have,  at  the  same 
temperature,  equal  osmotic  pressures. 

Finally,  the  osmotic  pressure  of  a  dissolved  substance, 
at  any  temperature  and  concentration,  is  equal  to  the 
gas  pressure  of  the  same  substance  imagined  in  the 
gaseous  state  with  the  same  temperature  and  concen- 
tration. 

Exa7nj)le.    Cane  sugar  gives  at  about  14° : 
in  one  per  cent,  solution,  an  osmotic  pressure  of  535  mm. 
,)  two     „  „  „  „  1016  „ 

foiir    „  „  „  „  2083  „ 


SIX 


»        "  «        »  3075 


If  cane  sugar  could  exist  as  a  gas  a  concentration  of 
10  grams  per  litre  at  14°  would  exert  a  pressure  of 
760  X  22-33  x/j\x  11^  =  521  mm. 

*  The  molecular  concentration  is  the  number  of  gram-molecules 
per  litre. 
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Note.  It  is  obvious  that  the  molecular  quantity  of 
a  dissolved  substance  can  be  found  from  the  osmotic 
pressure  of  a  solution  of  known  concentration  (cf.  §  21, 
note  i). 

§  57.  Experimental  data.  These  are  partly  from 
measurements  of  osmotic  pressure.  There  are,  however, 
considerable  difficulties  in  the  way  of  such  measure- 
ments; it  is,  moreover,  almost  impossible  to  prepare 
a  membrane  that  is  quite  impermeable  for  the  dissolved 
substance. 

Valuable  data  are,  however,  to  be  obtained  from  other 
phenomena,  whose  connexion  with  the  osmotic  pressure 
has  been  demonstrated  also  by  Van  ''t  Hoff.  These 
phenomena  are  the  lowering  of  the  freezing  point,  the 
raising  of  the  boiling  ])oint,  and  the  loivering  of  the  vajpoicr 
pressure. 

[a)  Lowering  of  the  freezing  point.  It  has  long  been 
known  that  the  freezing*  point  of  water  is  lowered  by 
the  addition  of  soluble  substances.  The  lowering  is, 
within  certain  limits,  proportional  to  the  concentration 
of  the  solution.  According  to  the  theory,  the  osmotic 
pressure  is  proportional  to  the  number  of  molecules 
dissolved  in  a  litre,  and  so  is,  for  the  same  substance, 
proportional  to  the  lowering  of  the  freezing  point, 
while  for  solutions  of  different  substances  of  the  same 
concentration,  the  lowering  is  inversely  proportional 
to  the  molecular  weight. 

Note  i.  When  the  lowering  of  the  freezing  point 
ha"s  been  determined  for  a  one  per  cent,  solution,  that 
for  a  solution  containing  the  molecular  quantity  may  be 
calculated,  assuming  that  the  latter  can  be  treated  as 
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dilute.  This  molecular  loioerhrg  of  the  freezing  point 
depends  on  the  nature  of  the  Hquid^  and  is  the  same  for 
all  dissolved  substances  (of.  §  58). 

Note  2.  The  constant  of  the  lowering-  of  freezing- 
point  has  a  different  value  for  each  solvent.  Van^'t  Hoff 
proved  that  the  molecular  lowering^  and  the  latent  heat  of 
fision,  bear  a  definite  quantitative  relation  to  each  other, 
so  that  one  of  the  two  quantities  can  be  calculated  from 
the  other. 

{b)  Rise  of  boiling  point.  For  a  given  dissolved  sub- 
stance the  rise  of  boiling  point  is  proportional  to  the 
concentration. 

For  equally  concentrated  solutions  of  different  sub- 
stances the  rise  of  boiling  point  is  inversely  proportional 
to  the  molecular  weight. 

(c)  Loioering  of  vapour  pressure.  For  this  phenomenon 
the  same  rules  hold. 

Note  3.  The  above  rales  may  be  summarized  as 
follows  :  osmotic  pressure,  change  of  freezing  point,  of 
boiling  point,  and  of  vapour  pressure  are  equally  great 
for  solutions  which  contain,  in  the  same  solvent,  the 
same  number  of  molecules  per  litre. 

Note  4.  From  each  of  the  three  rules  the  molecular 
mass  of  the  dissolved  substance  may  be  found.  The 
method  of  the  lowering  of  the  freezing  point  is  that  most 
in  use. 

Many  substances  whose  molecular  weight  was  known 
previously  have  given  the  same  values  by  the  new 
methods.  But  sometimes  the  molecular  weight  depends 
on  the  nature  of  the  solvent. 
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Note  5.  Important  osmotic  phenomena  are  observed 
in  living-  organized  cells. 

When  a  plant  cell  is  placed  in  a  salt  solution  osmosis 
occurs.  Por  the  protoplasm  which  surrounds  a  liquid — 
the  cell-sap— and  normally  adheres  to  the  stiff  cell-wall, 
acts  as  a  semi-permeable  membrane^  since  it  allows  water 
to  pass  through  it^  but  not  the  substances  dissolved  in 
water.  According  as  the  solution  employed  is  more  or 
less  concentrated,  it  will  withdraw  water  from  the  cell- 
sap,  or  allow  water  to  pass  into  the  sap  through,  the 
protoplasm.  Of  course  there  exists  a  concentration  of 
the  salt  solution  which  is  in  equilibrium  with  the  cell- 
sap,  so  that  neither  the  solution  nor  the  sap  withdraws 
water  from  the  other.  In  that  case  the  solution  and 
the  cell-sap  have  the  same  osmotic  pressure  :  they  are 
isosmotic  or  isotonic.  Solutions  of  different  salts  are 
isotonic,  or  of  the  same  osmotic  pressure  as  one  another, 
if  they  are  each  in  equilibrium  with  the  sap  of  the  same 
cell.  Solutions  of  greater  concentration  than  those 
which  are  isotonic  with  the  cell  extract  water  from  it. 
The  elastic  protoplasm  contracts  and  separates  from  the 
cell-wall.  This  phenomenon — known  as  plasmolysis — 
may  be  observed  under  the  microscope. 

The  isotonic  coefficient  of  a  substance  is  the  osmotic 
pressure  of  an  aqueous  solution  of  it,  of  the  same  mole- 
cular concentration  as  a  KNO3  solution  whose  osmotic 
pressure  is  taken  as  3.  The  isotonic  coefficient  for  cane 
sugar  is  i-88  ;  therefore  a  cane  sugar  solution  is  isotonic 
with  a  solution  of  KNO3  when  the  molecular  concen- 
tration of  the  former  is  to  that  of  the  latter  as  3  :  i-88 
(H.  de  Vries). 
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Isotony  or  equal  osmotic  pressure  exists  between  equi- 
molecular  solutions  of  different  neutral  organic  sub- 
stances and  organic  acids.  Phenomena  very  similar 
to  those  observed  with  plant  cells  can  be  observed  also 
with  blood-corpuscles  ;  the  latter  were  first  studied  by 
Bonders  and  Hamburger^  and  the  last  named  worked 
out  the  investigation  to  form  a  method  for  determining 
molecular  weights, 

§  58.  Exceptions.  The  methods  described  in  this 
chapter  for  measuring  molecular  weights  lead_,  in  the  case 
of  a  large  group  of  substances,  to  results  which  are  not 
in  agreement  with  prevalent  chemical  views.  The  group 
includes  the  strong  acids,  strong  bases,  and  salts. 
Arrhenius  first,  in  1887,  pointed  out  that  the  exceptions 
occur  in  all  substances  which  conduct  electricity  in  the 
dissolved  state — which  are  electrolytes  \  the  better  the 
solution  conducts,  the  greater  the  exception. 

In  general,  organic  substances  conduct  badly,  mineral 
substances  well.  Strong  acids  conduct  better  than 
weak;  organic  acids  only  begin  to  conduct  notably 
when  in  very  dilute  solution.  Organic  salts  are  good 
conductors. 

All  this  refers  to  substances  dissolved  in  water. 
Other  solutions  do  not  yield  exceptions,  or  only  to  a 
very  slight  extent,  and,  in  agreement  with  that,  salts, 
acids,  and  bases  dissolved  in  other  liquids  have  far  less 
conductivity.  E.  g.  potassium  acetate  gives  in  aqueous 
solution  an  abnormally  great  lowering  of  the  freezing 
point;  in  alcoholic  solution  it  produces  a  lowering  of 
vapour  pressure  of  the  magnitude  which  the  theory  of 
osmotic  pressure  requires. 
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§  59.  Principle  of  electrolytic  dissociation.  When 
salts  dissolve  in  water  their  molecules  break  up,  partially, 
into  ions. 

Note.  Ions  are  atoms  or  groups  of  atoms  of  the 
same  composition  as  the  substances  which  separate  from 
the  electrolyte  under  the  action  of  the  current,  and  are 
charged,  with  electricity.  They  give  up  their  electric 
chai'ges  when  the  current  conveys  them  to  the  poles. 
The  action  of  the  current  on  the  electrolyte  is,  therefore, 
not  a  decomposition,  since  the  salt  is  already  decomposed 
into  ions  on  solution,  but  the  carrying  of  the  ions  to  the 
poles.  J ust  because  the  ions  are  charged  with  electricity 
they  can  exist  in  water  without  acting  on  it.  A  normal 
potassium  atom  would  at  once  decompose  water ;  a  charged 
potassium  ion  behaves  neutrally  towards  water  until  its 
charge  is  removed,  as  happens  when  it  comes  into  con- 
tact with  the  negative  electrode.  Strong  acids  and  bases 
also  dissociate  into  ions  for  the  most  part. 

Examples.  KCl  in  aqueous  solution  breaks  up  partly 
into  ions  (K  +  )  and  (C1-) ;  KNO3  into  (K  +  )  and 
(NO3  — );  HgSO^,  according  to  dilution,  into  (H  +  )and 
(HSO4-),  or  into  (H  +  )  (H  +  )  and  (SO4-)  ;  potas- 
sium acetate  into  (K  +  )  and  (C^HgOg— )• 

§  60.  Some  laws  of  electrolytic  dissociation,  {a)  The 

dissociation  increases  with  the  dilution,  and  on  progres- 
sive dilution  approaches  a  maximum. 

Examjjles.  In  moderately  concentrated  solution  KCl 
is  partly  dissociated  into  K  and  CI.  The  condition  is 
therefore 

a?KCl  +  (r-a;)(K  +  )  +  (i-a;)  (C1-). 
The  degree  of  dissociation  is  definite  for  definite 
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temperature  and  concentration.  On  progressive  dilution 
X  decreases,  i—x  increases,  till  finally,  on  infinite  dilution, 
all  the  molecules  of  KCl  are  broken  up  into  ions. 

{b)  The  dissociation  is,  for  moderate  concentrations, 
the  greatest  for  strong  acids  and  bases  and  their  salts^ 
especially  for  strongly  reactive  substances. 

The  reactions  of  analytical  chemistry  are  mostly  re- 
actions between  ions.  E.  g.  formation  of  silver  chloride 
from  silver  nitrate  and  sodium  chloride  is  according  to 
the  equation 

Na  I  ClAq  +  Ag  |  NOgAq 

=  Ag  CI  (solid) +  Na  |  NOaAq. 

Note  i.  The  dissociated  condition  is  frequently 
expressed  by  a  vertical  line  between  the  ions  in  the 
molecule. 

Note  2.  At  first  sight  it  may  appear  strange  that 
such  bodies  as  HCl,  NaOH,  and  KCl  should  be  the 
most  dissociated.  It  should,  however,  be  remembered 
that  these  substances  are  the  most  capable  of  reaction, 
and  that  readiness  to  react  is  caused  by  the  ease  with 
which  substances  exchange  their  components. 

Note  3.  The  existence  of  electrolytic  dissociation 
explains  why,  e.g.,  chlorine  does  not  always  show  the 
same  reaction.  For  the  reactions  are,  according  to  the 
theory  of  Arrhenius,  not  actions  of  atoms,  but  of  ions. 
Thus,  K  I  CIO3  will  not  form  AgCl  with  Ag  |  NO3, 
for  it  is  not  the  atom  CI  that  reacts,  but  the  ion  CIO3. 

Note  4.  The  part  played  by  phenolphthalein  in 
titration  is  explained  by  the  theory  of  Arrhenius. 

Phenolphthalein  is  a  body  of  very  complicated  con- 
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stitution  containing  two  phenol  residues — the  group 
CgH^OH.  These  groups  give  to  the  substance  the 
l^roperties  of  an  acid  to  some  extent,  so  that  phenol- 
phthalein  may  be  regarded  as  an  organic  acid  RH. 
Like  other  organic  acids^  it  is  hardly  dissociated  at  all 
in  aqueous  solutions^  but  its  salts  are.  On  neutralization 
with  a  base  it  forms  a  salt  RK,  and  this  dissociates  into 
ions  (R  — )  and  (K  +  )-  The  red  colour  is  clue  to  the 
formation  of  ions  (R  — )  from  the  undissociated  sub- 
stance RH. 

That  this  explanation  is  correct  follows  first  from  the 
fact  that  all  soluble  bases  give  the  same  red  colour  with 
phenolphthalein,  and  secondly  from  the  fact  that  the 
red  colour  is  extremely  faint  in  alcoholic  solution — alcohol 
prevents  electrolytic  dissociation  almost  completely 
(cf.  §  58) — but  becomes  stronger  as  the  alcoholic 
solution  is  diluted  with  water. 

(c)  In  respect  of  osmotic  pressure  and  the  phenomena 
connected  with  it^  each  ion  has  the  same  value  as  a 
molecule. 

This  law  holds  because  each  ion  moves  in  the  liquid 
as  an  independent  whole. 

The  law  explains  the  existence  of  exceptions  to  the 
theory  of  osmotic  pressure  as  put  forward  by  Van 't  Hoff. 
We  will  elucidate  this  by  means  of  an  example. 

The  condition  of  potassium  chloride  in  solution;  it 
has  been  remarked,  is 

{i-x)  KCl  +  a;(Cl-)  +  a?(K  +  ); 

if  n  molecules  have  been  dissolved  there  exist  in  solution 

n  [(i  - X)  KCl  +  ^  (CI  - )  +  X  (K  + }]  ; 
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tlie  number  o£  indeiDendent  moving  particles  is  tlierefore 
not  71,  but 

Since  the  osmotic  pressure  is  proportional  to  the 
number  of  molecules  in  the  solutionj  and  each  ion  acts 
as  an  independent  particle,  the  pressure  will  not  be  that 
due  to  n  molecules  per  litre,  but  n{i+  x). 

The  magnitude  of  x  increases  with  increase  of  dilu- 
tion  and  has  a  maximum  of  i,  so  that  on  extreme 
dilution  the  osmotic  pressure  would  have  double  the 
theoretical  value. 

The  same  reasoning  applies  to  the  phenomena  of 
lowering  of  freezing  point,  &c. 

§  61.  Verification  of  the  theory  of  electrolytic 
dissociation,  {a)  Exceptions  to  the  theory  of  osmotic 
pressure  occur  in  the  case  of  electrolytes.  We  have 
already  discussed  that  fact. 

[I)  The  exceptions  are  more  marked  with  increase  of 
dilution. 

(c)  The  degree  of  dissociation  reckoned  from  the 
lowering  of  the  freezing  point  is  the  same  as  that 
derived  from  the  conductivity  of  the  solution. 

According  to  the  theory  of  Arrhenius,  electricity  is 
conducted  through  solutions  only  by  the  ions,  not  by 
undissociated  molecules.  To  determine  the  degree  of 
dissociation  for  a  given  concentration  the  conductivity 
of  the  solution  of  that  concentration  is  compared  with 
the  conductivity  of  an  extremely  dilute  solution  :  in  the 
latter  case  the  conductivity  has  its  maximum  value. 
From  those  data  the  number  of  free  ions  and  the  degree 
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of  dissociation  can  be  calculated  for  the  given  con- 
centration. 

Note.  The  conductivity  must  be  always  expressed 
by  reference  to  a  definite  concentration  of  the  solution. 
For  though  the  dissociation  increases  with  dilution,  the 
concentration  of  the  dissolved  substance  of  course 
diminishes. 

The  degree  of  dissociation  determined  in  that  way 
from  the  conductivity  of  the  liquid  agrees  with  that 
calculated  from  the  lowering  of  the  freezing  point. 

[cl)  When  dissociation  is  prevented  the  exceptions 
disappear. 

Alcoholic  solutions  conduct  very  badly,  and  dissocia- 
tion hardly  occurs  in  them.  They  behave  too  normally 
with  regard  to  lowering  of  the  vapour  pressure. 

[e)  The  law  of  thermo -neutrality  (cf.  §  32). 

Mixing  dilute  salt  solutions  gives  rise  to  no  thermal 
effect.  That  fact  is  easily  explained  on  the  dissociation 
theory ;  for  in  dilute  solution  the  salts  are  nearly  com- 
pletely dissociated,  and  on  mixing  no  change  of  state 
occurs. 

Na  I  ClAq  +  K  |  NOgAq  is,  both  before  and  after 
mixture,  a  solution  in  water  of  the  ions 

(Na  +  )(K  +  )(C1-)(N03-). 

(/)  Neutralization  of  a  strong  base  by  a  strong  acid 
yields  always  the  same  evolution  of  heat. 

Hydrochloric,  nitric,  hydrobromic,  hydriodic  acids  in 
dilute  solution  give  the  same  amount  of  heat  for  the 
molecular  quantity,  viz.  13-7  Cal. ;  e.  g. 

HClAq  +  KOHAq=  KClAq  +  H20  +  i3-7  Cal. 
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According  to  the  theory  of  electrolytic  dissociation, 
that  reaction  may  be  expressed  thus  : 
H  I  ClAq  +  K  I  OHAq^K  |  ClAq  + H2O+ 137  Cal. 

The  mixture  therefore  has  no  other  result  than  the 
formation  of  water  from  its  ions.    The  heat  of  formation 
of  water  from  its  ions  is  accordingly  I3'7  Cal. 

Since  the  strong  acids  and  strong  bases  are  all  nearly 
completely  dissociated  into  ions  by  water,  the  only 
result  of  mixing  is  in  all  cases  the  formation  of  water 
from  its  ions,  and  the  evolution  of  heat  is  therefore  the 
same  in  all  cases. 


CHAPTER  VI 

PHOTO-CHEMISTRY 

§  62.  Coloured  flames.  Many  substances  placed  in 
a  non-luminous  gas  flame  communicate  to  it  a  colour 
which  is  usually  characteristic  for  the  metal  of  the  salt. 
Sodium  salts  colour  the  flame  yellow,  potassium  violet, 
barium  green.  These  colours  are  employed  in  analy- 
tical chemistry  to  identify  certain  metals. 

Often,  however,  the  coloration  does  not  suffice  to 
characterize  the  element,  as  the  colour  of  it  is  obscured 
by  that  of  another :  the  intense  yellow  of  sodium  is 
rarely  absent.  For  that  reason  it  is  necessary  to  analyze 
the  phenomenon  observed  and  decompose  the  light  into 
its  constituents.  A  rough  means  of  doing  so  is  cobalt 
glass,  or  an  indigo  prism ;  they  allow  the  potassium  light 
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to  pass  through,  but  not  the  sodium;  they  consequently 
allow  of  the  observation  o£  potassium  light  in  a  mixture 
of  the  two. 

§  63.  A  far  more  accurate  means  of  analysis, 
however,  is  the  spectroscope.  A  small  strip  of  flame 
is  observed  with  the  apparatus,  and  the  light  from 
that  strip  meets  a  prism  which  deviates  each  consti- 
tuent of  the  light  according  to  its  refractive  index,  so 
that  the  constituents  can  be  observed  side  by  side  in  the 
emergent  light. 

The  coloration  imparted  to  the  flame  by  any  metal 
in  the  state  of  vapour,  consists  of  a  definite  number  of 
kinds  of  light,  of  definite  refrangibility ;  observation 
of  the  kinds,  and  measurement  of  their  refractive  index, 
constitute  an  exact  proof  of  the  presence  of  the  metal 
in  the  flame. 

Note  i.  Whilst  luminous  vapours  give  out  only 
a  few  rays,  the  spectrum  (i.  e.  the  totality  of  the  re- 
fracted rays)  of  an  incandescent  solid  or  liquid  body 
consists  of  an  unbroken  succession  of  kinds  of  light. 

As  a  rule,  on  introducing  a  salt  into  the  flame,  only 
the  spectrum  of  the  free  metal  is  obtained,  because  the 
substances  of  the  flame  decompose  and  reduce  the 
compound,  so  that  the  metal  itself  is  observed  free. 
When  salts  and  oxides  can  be  made  incandescent  in  the 
flame,  without  decomposition,  other  spectra  are  produced. 

Note  2.  According  to  a  research  by  Pringsheim  the 
light  given  out  by  metals  in  the  flame  is  not  due  to 
temperature,  but  only  to  the  chemical  action  of  the 
flame  on  the  salt  or  oxide,  i.  e.  to  the  reduction. 

The  temperature  of  a  gas  flame  is  insuflScient  to  con- 
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vert  many  metals  into  glowing  vapours.  In  such,  cases, 
electrodes  of  the  metal  are  prepared,  and  electric  sparks 
passed  between  them ;  the  latter  carry  traces  of  metal 
with  them,  which  they  volatilize. 

The  spectrum  of  a  gaseous  substance  is  obtained  by 
introducing  it,  very  highly  rarefied,  into  a  tube,  and 
passing  a  current  from  an  induction  coil  through  it : 
the  gas  is  made  to  glow,  and  the  colour  analyzed  with 
the  spectroscope. 

Since  the  light  of  each  gaseous  element  consists  of 
a  system  of  rays  of  definite  refrangibility,  the  presence 
of  certain  lines  in  the  spectrum  is  proof  of  the  pre- 
sence of  certain  elements;  "observation  of  new  lines 
may  therefore  lead  to  the  discovery  of  a  new  element. 
In  fact,  several  elements  have  been  discovered  by 
spectrum  analysis,  e.  g.  caesium,  indium,  gallium, 
germanium. 

Note  3.  Peculiar  phenomena  are  observed  in  the 
spectranalytical  study  of  salts  of  the  so-called  rare 
earths — earths  of  the  didymium  group,  the  erbium 
group,  and  the  yttrium  group.  A  well-founded  theory 
of  the  nature  of  these  earths  has  not  yet  been  arrived 
at,  but  it  is  probable  that  they  are  mixtures  of  various 
oxides,  instead  of  consisting  of  single  oxides. 

§  64.  Whilst  luminous  vapours  give  out  light  of 
definite  refrangibility  and  show  a  bright  line  spectrum 
in  the  spectroscope,  they  absorb  from  white  light  (i.  e. 
a  mixture  of  light  of  all  refrangibilities,  consequently 
giving  a  continuous  spectrum)  those  same  kinds  of  light 
which  they  themselves  give  out ;  the  spectrum  of  the  trans- 
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mitted  light  accordingly  shows  dark  lines  where  that 
of  the  vapour  itself  would  show  bright  ones.  Non- 
luminous  vapours^  too,  can  absorb  light. 

This  fact  plays  an  important  part  in  the  explanation 
of  the  dark  lines  that  occur  in  the  solar  spectrum. 
Each  dark  line  occurs  in  the  spectrum  at  a  place  where 
a  bright  line  can  be  produced  by  a  glowing  metal. 
Kirchoff  arrived  in  consequence  at  the  following  hypo- 
thesis : — The  sun  consists  of  a  solid  or  liquid  core  which 
is  surrounded  by  an  atmosphere  of  incandescent  vapour. 
The  core  sends  out  white  light,  but  before  reaching  the 
earth  the  light  has  been  deprived  of  those  rays  which 
are  absorbed  by  the  sun's  atmosphere.  The  dark  lines 
in  the  sun's  spectrum  thus  indicate  what  are  the  ele- 
ments constituting  the  sun's  atmosphere^  and  which 
must  also  exist  in  its  core.  Since,  however,  the  dark 
lines  of  the  solar  spectrum  correspond  to  bright  lines 
given  out  by  the  glowing  vapour  of  terrestrial  elements, 
it  must  be  concluded  that  the  sun  and  the  earth  consist, 
at  least  to  a  large  extent,  of  the  same  elements.  The 
fixed  stars  also  give  a  spectrum  with  dark  lines. 

§65.  Photo-chemical  action.  In  the  luminous  pheno- 
mena just  described,  no  chemical  change  is  assumed  to 
take  place  in  the  substance  which  receives  and  absorbs 
the  light.  There  is,  however,  a  series  of  actions  due 
to  light  in  which  the  substance  illuminated  suffers 
a  chemical  change.  The  following  generalizations 
have  been  made  with  regard  to  such  actions  : — 

{a)  All  kinds  of  light  from  infra-red  to  ultra-violet 
are  capable  of  exercising  j^hoto-chemical  action. 
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Note  i.  It  is^  therefore^  not  correct  to  suppose  that 
violet  light  alone  is  chemically  active.  The  most  fre- 
quent effect  in  nature  o£  an  obviously  chemical  character 
— the  decomposition  of  the  carbon  dioxide  of  the  air  by 
the  green  parts  of  plants — is  produced  chiefly  by  the 
yellow  component  of  sunlight.  It  is,  therefore^  not 
correct  to  speak  of  a  source  of  light  as  especially  rich 
in  chemically  active  rays;  for  every  kind  of  light  can 
effect  definite  chemical  actions  according  to  its  nature. 

{h)  Photo-chemical  action  is  only  produced  by  such  rays 
as  the  illuminated  body  absorbs. 

Note  2.  The  converse  statement  that  absorption  is 
necessarily  coupled  with  chemical  action  is  incorrect. 

(c)  The  nature  of  the  illuminated  substance  conditions 
the  chemical  action  produced.  However,  red  light  acts 
mostly  as  an  oxidizing  agent  on  metallic  compounds, 
violet  light  as  a  reducing  agent.  Mutual  action  of 
metalloids  is  commonly  favoured  by  violet  light. 

{(1)  The  sensitiveness  of  a  body  towards  rays  of  a 
definite  refrangibility  is  increased  by  the  admixture  of 
other  substances  which  absorb  the  same  rays. 

[e)  A  substance  is  usually  decomposed  faster  by  a  given 
colour  when  it  is  mixed  with  other  substances  which  unite 
with  its  products  of  decomposition. 

Note  3.  The  explanation  of  this  fact  is  that  the  com- 
bination of  the  products  of  decomposition  in  other  ways 
makes  it  impossible  for  them  to  recombine  to  form  the 
original  substance. 

§  66.  Photo-chemical  extinction  means  the  phenomenon 
that  rays  which  have  passed  through  a  medium  sensitive 

K  a 
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to  light  are  weakened  in  their  chemical  activity  when 
they  pass  through  a  second  layer  of  the  same  medium, 
in  so  far  as  the  weakening  cannot  be  accounted  for  by 
purely  optical  absorption. 

Example.  Light  which  has  passed  through  a  column 
of  mixed  chlorine  and  hydrogen  has  suffered  the  same 
degree  of  weakening  in  its  chemical  activity  as  if  it  had 
passed  through  a  column  half  as  long  of  pure  chlorine  ^. 
Here  the  purely  optical  absorption  is  the  same  in  the  two 
cases. 

The  fact  that  the  chemical  activity  of  light  commonly 
does  not  reach  its  greatest  intensity  immediately  after 
absorption,  but  only  after  a  certain  time,  is  called  photo- 
chemical induction. 

Note.  Induction  in  the  case  of  hydrogen  and  chlorine 
may  be  explained  on  the  assumption  that  the  two  gases 
do  not  act  immediately  on  one  another,  but  by  means  of 
water  vapour,  which  forms  an  intermediate  compound. 
Perhaps  the  process  is  the  following : 

H,0  +  Cl2  =  Cl,0  +  H2, 
and  aHg  +  Q\0  =  U^O  +  2HCI. 

It  would  require  a  certain  time  before  enough  ClgO 
had  been  formed  to  initiate  the  second  reaction. 

This  hypothesis  is  supported  by  the  fact  that  damp 
chlorine  and  hydrogen  are  much  more  sensitive  to  light 
than  dry. 

§  67.  Formation  and  fixation  of  a  photograpliic 
image.    In  all  photographic  processes  the  light  acts 

•  Half  as  long  a  column  because  one  volume  of  the  mixture  only 
contains  half  a  volume  of  chlorine. 
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for  a  short  time  on  the  sensitive  plate^  and  in  that  time 
no  visible  image  is  produced.  When  the  plate,  however, 
immediately  after  exposure  is  submitted  to  the  action  of 
a  cleveloj^er,  the  image  gradually  appears.  This  developer 
is,  in  modern  processes,  a  reducing  agent  which  reduces 
the  silver  salts  on  the  sensitive  plate  at  the  spots  where 
the  light  has  acted,  and  a  latent  image  therefore 
exists. 

Note.  The  explanation  of  the  process  of  development 
is  almost  entirely  hypothetical,  and  is  based  on  the  long- 
disused  Daguerrotype.  Daguerre  (1838)  exposed  a  silver 
plate,  slightly  iodized  on  its  surface,  to  the  light  for 
some  seconds.  No  visible  image  was  produced,  but 
Daguerre  then  brought  the  plate  in  contact  with  mercury 
vapour.  The  mercury  deposits  most  quickly  on  places 
where  the  light  has  formed  traces  of  silver,  and  the 
surface  is  in  consequence  somewhat  rough. 

That  procedure  seems  to  suggest  that,  in  the  newer 
chemical  methods  of  development,  the  developer  first 
attacks  places  where  the  sensitive  film  is  already  slightly 
decomposed.  The  silver  bromide,  in  silver  bromide-gela- 
tine plates,  slightly  decomposed  by  the  action  of  the  light, 
concentrates  the  effect  of  the  developer  on  the  parts  where 
reduction  has  already  commenced,  and  at  those  points 
rapid  reduction  takes  place,  and  rapid  separation  of 
silver. 

It  should  be  repeated  that  this  explanation  is  of  a 
very  hypothetical  character. 

"When  the  image  is  developed  it  is  rendered  permanent 
or  fixed.  The  plate  is  dipped  into  a  solution  of  a  substance 
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which  dissolves  and  so  removes  the  undecomposed  part 
of  the  sensitive  film. 

In  that  way,  however,  only  a  so-called  negative  is  ob- 
tained ;  the  light  parts  of  the  object  photographed  having 
sent  out  much  radiation  have  caused  a  considerable  sepa- 
ration of  silver  and  produced  a  dark  image;  the  dark 
parts,  on  the  other  hand,  have  produced  a  light  image. 
The  positive  is  obtained  by  laying  the  negative  plate 
on  sensitive  paper  and  exposing  it  to  the  light ;  then 
obviously  the  arrangement  of  light  and  dark  will  be 
reversed. 

§  68.  Colour  photograpliy.  In  1891  Lippmann  suc- 
ceeded in  photographing  the  solar  spectrum  in  its  natural 
colours.  He  placed  a  layer  of  mercury  under  the  sensi- 
tive plate  and  exposed  the  arrangement  to  the  light. 
The  vibrations  of  the  ether  penetrate  the  glass,  strike 
the  mercury,  and  are  reflected ;  the  reflected  vibrations 
interfere  with  fresh  vibrations  and  set  up  stationary 
waves.  The  wave-length  of  these  waves  is  extremely 
small,  so  that  numerous  nodes  and  loops  occur  in  the 
thickness  of  the  sensitive  film,  while  the  decomposition 
of  the  silver  salt  is  a  maximum  at  the  loops  and  nil  at 
the  nodes.  Consequently  layers  of  silver  form  in  the 
sensitive  film,  and  the  layers  are,  for  each  colour,  sepa- 
rated by  a  distance  of  half  a  wave-length  from  one 
another;  they  cause  interference  phenomena  in  white 
light  falling  on  the  plate  and  reflect  the  same  colour 
as  produced  them. 
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CHAPTER  VII 

THE  PEKIODIC  SYSTEM 

§  69.  The  periodic  system  is  an  arrangement  o£  the 
elements  resting  on  the  fact  that  the  properties  of  the 
elements,  so  far  as  they  are  expressible  by  numbers,  are 
periodic  functions  of  their  atomic  weights. 

Note  i.  A  quantity  A  is  a  function  of  a  quantity  B 
when  they  vary  together,  and  each  value  of  B  corresponds 
to  one  or  more  values  of  A.  Thus  A  is  a  function  of  B 
in  the  equations 

A  =  3B, 
A  =  B", 
A  =  B"+jo, 
A  =  VW+p, 
A  =  arc  .  sin  B. 

A  is  a  periodic  function  of  B  when  A  repeats  its  values 
at  regular  intervals,  on  continuous  increase  of  B.  Thus 
in  the  equation 

A  =  sinB 

A  is  a  periodic  function  of  B,  since  for  any  given  value 
of  B,  A  has  a  definite  value ;  but  A  has  the  same  value 
when  B  becomes  greater  by  360°,  720°,  or  n  times  360°, 
so  A  repeats  its  values  at  intervals  of  360°. 

The  interval  is  called  a  period,  but  the  word  period 
may  also  be  taken  to  imply  all  the  values  of  A  occurring 
while  B  has  passed  through  that  interval. 

Note  a.  The  fundamental  idea  of  the  periodic  system 
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is  the  periodic  function.  Still  the  periodicity  is  not  asso- 
ciatedj  with  mathematical  accuracy,  with  a  definite  in- 
terval. For  that  reason  it  is  more  in  agreement  with 
the  facts  to  say :  if  the  elements  are  arranged  in  order 
of  atomic  weight  they  may  be  divided  into  several  groups, 
and  the  properties  of  one  group  are  repeated  by  another 
in  corresponding  positions. 

Note  3.  For  a  long  time  past  it  has  been  sought  to 
find  relations  between  the  properties  of  the  elements  and 
their  atomic  weights ;  it  was  early  noticed  that  mathe- 
matical relations  exist  between  the  atomic  weights  of 
elements  which  form  a  natural  family,  on  account  of  their 
active  properties.  Thus  the  atomic  weight  of  strontium 
is  nearly  the  mean  between  the  atomic  weights  of  calcium 
and  barium ;  the  atomic  weight  of  sodium  nearly  the 
mean  between  those  of  lithium  and  potassium.  Zeuner 
(1857)  arranged  all  the  elements  then  known  in  triads. 

In  the  years  1862  and  1863  Chancourtois  and  New- 
lands  attempted  a  systematic  treatment  of  the  elements 
according  to  their  atomic  weight ;  the  latter  stated  that 
in  general  the  same  properties  recur  at  every  eighth 
element,  the  law  of  oetaves. 

In  the  year  1869  the  periodicity  of  the  properties  of 
the  elements  with  regard  to  atomic  weight  was  put 
forward  by  Mendeleef  and  Lothar  Meyer ;  they  founded 
a  system  which  endeavoured  to  carry  out  strictly  the 
conception  of  periodicity,  and  their  system  is  still  in  use. 

§  70.    GrapMcal  representation.    If  points  in  a 
•  plane  be  defined  by  reference  to  two  axes,  so  that 

I  abscissae  represent  atomic  weight,  and  ordinates  num- 

i 
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bers  expressing  some  property  of  the  element^  and  the 
points  thus  defined  be  joined  by  straight  lines^  a  broken 
curve  consisting  of  several  waves  is  obtained.  The 
peculiarities  of  the  property  studied^  occurring  in  one 
wave,  recur  in  the  others  at  corresponding  points.  The 
periodic  variation  of  the  properties  of  the  elements  is 
most  clearly  shown  by  graphical  representation  of  the 
atomic  volume. 

Such  a  wave-curve  is  then  a  graphical  expression  of 
the  periodic  system. 

§  71.  Tabular  expression.  If  the  groups  of  asso- 
ciated elements  are  arranged  in  horizontal  rows  one 
below  another  a  table  of  the  periodic  system  is  obtained. 
Here,  too,  the  elements  succeed  one  another,  from  left  to 
right,  in  order  of  atomic  weight,  and  the  properties 
which  appear  in  one  horizontal  series  are  found  again 
at  corresponding  points  of  the  other  series.  Conse- 
quently elements  with  analogous  properties  are  arranged 
in  vertical  rows  ^. 

§  72.  Small  and  large  periods.  In  the  first  two 
periods,  which  each  contain  seven  elements,  the  agree- 
ment between  corresponding  terms  is  close.  The  third 
period  begins  with  potassium,  which  corresponds  to 
sodium  ;  but  between  potassium  and  rubidium,  which 
begins  the  fourth  group,  there  are  sixteen  elements  ;  and 
after  rubidium,  again,  sixteen  elements  ^  must  be  passed 

^  In  this  book  a  table  of  the  series,  chiefly  according  to  Lothar 
Meyer's  arrangement,  is  given  ;  that  of  Mendeleef  does  not  differ 
essentially  from  it. 

^  The  existence  of  an  unknown  element  of  atomic  weight  about 
100  is  assumed. 
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to  reach  caesium,  an  element  possessing  a  great^simi- 
larity  to  potassium  and  rubidium.  Here,  then,  two 
periods  of  seventeen  elements  must  be  assumed^  and  in  fact 
these  two  groups  of  seventeen  elements  may  be  considered 
as  independent  periods,  so  far  as  most  of  their  properties 
are  concerned.  They  are  called  large  periods,  as  opposed 
to  the  small  ones  formed  by  the  groups  Li — F  and 
Na— CI. 

The  large  periods  may,  however,  be  divided  into  two 
groups  of  seve7i  elements  in  considering  certain  of  their 
properties,  as  a  slight  analogy  exists  between  them  and 
the  small  periods ;  the  remaining  three  elements  show 
no  such  analogy,  and  are  therefore  placed  in  a  separate 
series.  In  L.  Meyer's  table  the  first  large  period  con- 
stitutes the  third  and  fourth  horizontal  rows,  the  seven 
later  elements  the  second  group.  The  chief  analogies 
with  the  small  periods  come  out  when  the  large  period  is 
treated  as  a  whole ;  the  secondary  analogies,  especially 
that  of  valency,  appear  in  each  group. 

§  73.  Not  only  does  this  regularity  exist  with  regard 
to  the  recurrence  of  the  properties  of  the  elements,  but 
the  variation  of  properties  within  one  period  may  be 
brought  under  certain  rules.  In  general,  other  physical 
properties,  expressed  by  numbers,  show  either  a  maxi- 
mum or  a  minimum  in  the  middle  of  each  period. 

The  sjoecifc  gravity  (in  the  solid  state)  increases  to  the 
middle  of  the  period,  reaches  a  maximum  there,  and 
diminishes  again. 

The  atomic  volume  (quotient  of  the  atomic  weight  by 
the  specific  gravity  in  the  solid  state)  diminishes  to  the 
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middle  of  the  period,  reaches  a  minimum  there,  and 
increases  again. 

When  the  relation  of  atomic  volume  to  atomic  weight 
is  expressed  by  a  curve  (cf.  §  70)  a  group  of  waves  is 
obtained  which  brings  out  very  clearly  the  notion  of 
periodicity  of  properties.  Other  properties,  too,  are  ex- 
pressed by  the  position  of  the  elements  on  the  curve. 
The  falling  part  of  the  curve,  including  the  lowest  point, 
includes  the  difficultly  fusible  and  non-volatile  elements, 
the  rising  part  the  easily  fusible  and  volatile. 

The  atomic  heat,  which  for  most  solid  elements  is 
nearly  constant  (cf .  §  24),  can  also  be  treated  as  a  quan- 
tity subject  to  the  law  of  periodicity,  of  which  the 
variation  is  almost  nothing.  If,  like  the  atomic  volume, 
the  atomic  heat  be  expressed  graphically  as  a  function 
of  the  atomic  weight,  a  straight  line  is  obtained. 

Tha  elements  which  differ  appreciably  from  Dulong 
and  Petit^s  law  occur  in  the  first  and  second  periods,  and 
show  a  certain  regularity  in  their  deviation  ;  the  atomic 
heat  decreases  towards  the  middle  of  the  period,  and 
then  increases  again.  The  valency  increases  in  the  first 
two  horizontal  rows  from  i  to  4,  and  then  falls  again 
to  T.  (The  valency  is  here  derived  from  hydrogen  and 
hydrocarbon  compounds,  or  if  such  do  not  exist,  from 
chlorine  compounds.)  On  the  right-hand  side  of  the 
system  the  elements  with  more  than  one  valency  occur, 
and  whilst  the  lowest  valency  falls  from  4  to  i  the 
highest  increases  from  4  to  7,  as  may  be  seen  from  the 
oxygen  compounds. 

In  the  large  periods,  douhle  periodicity  with  regard  to 
valency  may  be  noted.    From  potassium  to  manganese 
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the  valency  in  salt-forming  oxides  rises  from  i  to  7 
(KgO  to  MugO^) ;  in  the  second  period  a  second  group  is 
formed  from  copper  to  bromine  (CngO  to  Br^O^).  The 
two  groups  thus  show  a  secondary  analogy  with  the 
two  small  principal  periods,  and  on  that  L.  Me^^er  based 
his  arrangement  of  the  large  periods,  putting  in  a  special 
position  the  three  elements  which  do  not  show  any 
analogy  with  the  small  principal  periods  as  regards 
change  of  valency. 

Other  properties  of  the  elements  can  also  be  expressed 
with  more  or  less  accuracy  on  the  periodic  system.  But 
the  most  important  are  those  mentioned  above. 

§  74.  Applications  of  the  periodic  law.  (a)  Cor- 
rection of  atomic  weights.  Since  the  totality  of  the 
properties  of  an  element  depends  on  its  atomic  weight, 
one  may  use  them  instead  of  the  atomic  weight  to 
determine  its  position  in  the  system.  The  introduction 
of  the  natural  system  has  in  this  way  led  to  a  change 
in  the  value  attributed  to  the  atomic  weight  of  several 
elements.  Indium,  for  which  an  atomic  weight  75-6 
was  assumed,  must,  according  to  all  its  properties,  lie 
between  tin  and  cadmium ;  accordingly,  the  atomic 
weight  has  been  increased  by  one-half  to  ii3-4.  The 
metals  of  the  platinum  group,  too,  have  been  subjected 
to  a  new  investigation,  and  that  has  yielded  values 
for  their  atomic  weights  in  agreement  with  the  place 
which  the  other  properties  of  those  elements  indicate 
for  them. 

Note  i.  However,  the  latest  investigations  on  nickel 
and  cobalt  and  on  tellurium  do  not  agree  with  the 
position  of  those  elements  in  the  periodic  system. 

\  ■ 
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(l)  Prediction  of  wuUscoverecl  elements.  Many  gaps 
are  noticed  in  the  table ;  it  is  to  be  expected  that  they 
will  be  filled  up  by  elements  yet  undiscovered,  which  by 
their  atomic  weight  and  other  properties  will  claim 
them.  It  is  possible  to  tell  beforehand  the  approximate 
atomic  weights  and  the  principal  properties  of  such 
elements.  These  anticipations  have  several  times  been 
fulfilled,  as  by  gallium,  scandium,  and  germanium 
(but  see  §  75). 

[c)  Determination  of  atomic  weight.  It  appears  from 
{a)  that  determination  of  the  place  of  an  element  leads 
to  determination  of  the  order  of  magnitude  of  the 
atomic  weight,  and  the  magnitude  can  then  be  corrected 
by  the  help  of  analytical  data. 

{(I)  The  unit  of  the  elements.  The  fact  that  many 
properties  of  the  elements  are  associated  with  a  purely 
mathematical  property — the  atomic  weight — gives  new 
support  to  the  notion,  early  thought  of,  that  all  the 
elements  are  formed  by  condensation  of  one  original 
substance.  Prout  (1817)  assumed  that  all  the  atomic 
weights  are  multiples  of  the  atomic  weight  of  hydrogen. 
More  exact  analyses  by  later  investigators  have,  how- 
ever, shown  that  the  atomic  weights  are  not  integral 
numbers,  and  no  common  factor  for  them  has  been 
found. 

Still  it  is  remarkable  that  the  atomic  weights  of 
many  elements  are  close  to  whole  numbers. 

Note  2.  The  methods  for  determining  atomic 
weights  are  : 

I.  Analysis  of  the  molecular  quantity  of  compounds 
of  the  element. 
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The  molecular  quantity^  or  mass,  of  a  gram-molecule 
is  determined — 

[a)  From  the  gas-density,  on  Avogadro's  hypothesis. 

{b)  From  the  osmotic  pressure  of  solutions  of  the 
compound,  and  other  associated  quantities. 

[c]  From  special  considerations  on  the  constitution 
of  compounds. 

Method  [a)  is  the  most  important. 

a.  Application  of  the  laws  of  Dulong  and  Petit,  and 
of  Joule. 

3.  Application  of  the  periodic  system. 

Each  of  the  three  methods  only  gives  an  approximate 
value  for  the  atomic  weight,  which  must  be  corrected  by 
analysis  of  the  compounds. 

§  75.  Concluding  remark  on  the  meaning  of  the 
periodic  system.  The  element  argon,  recently  dis- 
covered by  Rayleigh  and  Ramsay,  has  apparently  the 
atomic  weight  39*9,  and  cannot  be  put  into  the  periodic 
system  as  above  described.  A  new  arrangement  of  the 
system  is  therefore  to  be  expected,  for  it  cannot  be  sup- 
posed that  it  will  lose  all  validity  through  the  discovery 
of  argon. 

The  position  of  helium,  newly  discovered  by  Ramsay, 
in  the  periodic  system  has  not  yet  been  studied. 

[Note.  Ramsay  has  since  announced  the  existence  of 
crypton,  metargon,  and  neon,  which,  like  argon  and 
helium,  appear  to  differ  from  the  other  elements  in 
forming  no  compounds.  Ramsay  places  them  in  a  new 
vertical  series  of  the  periodic  system. — Translator.] 
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Abnormal  gas-densities,  23,  26,  40. 
Absolute  zero,  principle  of  maxi- 
mum work  true  at,  80,  93. 
Absorption  spectrum,  130. 
Ampdre,  24. 

Analogy  between    solutions  and 

gases,  117. 
Analysis  by  coloured  flames,  127. 

—  of  a  reaction,  10. 
Argon,  142. 
Arrhenius,  121,  125. 
Association  of  liquids,  40. 
Asymmetric  carbon  atom,  37. 
Atom,  24. 

Atomic  beat,  46,  138, 

—  volume,  138. 

—  weigbt,  26,  141. 

 correction  of,  140. 

 regularities,  136. 

—  -weights  are  whole  numbers,  141. 
Atomicity  of  elements,  29,  31. 

A  vogadro,  24. 

B. 

Berthelot,  61,  65,  72,  80. 
Berthollet,  loi,  102, 
Berzelius,  6. 

Blood  corpuscles,  osmotic  pressure 
of,  121. 

Boiling  point,  elevation  of,  1 19. 
Boyle,  17. 
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Calorimeters,  54,  55. 
CJiancourtoia,  136. 
Chemically  active  rays,  130. 


Chemistry,  definition  of,  i. 

Chlorine  and  hydrogen,  combina- 
tions in  light,  132. 

Colour  photography,  134 

Combination  in  gaseous  state,  law 
of,  15,  17,  44. 

Compound  and  mixture,  2. 

Coeifioients  in  chemical  equations, 
to  determine,  7. 

Concentration,  9S,  117, 

Conservation  of  mass,  3. 

Constant  boiling  point,  mixtures 
with,  106. 

—  proportions,  law  of,  12. 

—  volume,  heat  of  formation  at,  63. 
Crystals,  structure  of,  2, 

D. 

Daguerre,  133. 
Dalton,  5. 
Deliquescence,  no. 
Democritus,  24. 

Development  of  photograph,  133. 
Diville,  H.  St.  C,  90. 
Diatomic  elements,  30. 
Dissociation,  64,  90,  91. 

—  electrolytic,  122, 

—  pressure,  98. 
Distillation,  104. 
Danders,  121. 
Double  ijond,  44. 

—  periodicity,  139. 
Dulong  and  Petit,  45,  139, 
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Electrolyte,  121. 
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Elements,  r. 

—  discovered  by  spectra,  129. 

—  prediction  of,  140. 
Endothermio  reactions,  85,  88,  92. 
Equation,  6. 

Equilibrium,  chemical,  93. 

—  condensed,  98,  100. 

—  heterogeneous,  97,  99, 

—  homogeneous,  96,  99. 
Equimolecular  reaction,  99. 
Equivalent,  13. 
Esterification,  92,  95,  100. 
Explosion,  86. 

F. 

Favre  and  Silbermann,  55. 
Fictitious  reaction,  10. 
Fixing  photographs,  133. 
Flames,  coloured,  127. 
Formulae,  chemical,  5. 
Fractional  distillation,  105. 
Freezing  mixture,  89. 

—  point,  lowering  of,  118. 
Function,  meaning  of,  135. 

—  periodic,  135. 

Q. 

Gases,  density  of,  18,  23. 

—  laws  of,  16. 

—  liquefaction  of,  106. 

—  solubility  of,  114. 
Gay-Lu38ac,  15,  17,  20. 
Gram-molecules,  26. 

Green  part  of  plants,  action  of,  131. 
Guldberg  and  Waage,  loi. 
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Hamburger,  121. 
Heat  of  formation,  52. 
Benry,  114. 
Hess,  56. 

vanHUoff,  36,  80,  91,  117,  118,  124. 
Hofmann,  20, 
Humboldt,  17. 
Hydrates,  114. 

Hydrocarbons,  heat  of  formation, 
60. 

Hygroscopic  substances,  109. 
I, 

Indigo  prism,  127. 
Ions,  132. 


Isomerism,  34. 
Isotonic  solutions,  120. 
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Joule,  48. 
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Kirchoff,  130. 
Eundt,  31. 
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Laplace,  31,  56. 
Laurent,  24. 
Lavoisier,  2,  3,  56. 
Lebel,  36. 
Lippmann,  134. 
Liquefaction  of  gases,  106. 

M. 

Mass,  influence  of  chemical,  89, 
100. 

Maximum  work,  principal  of,  79, 

88,  93. 
Mendeleef,  136,  137. 
Meyer,  L.,  136,  137. 
Meyer,  V.,  20. 
Mobile  equilibrium,  91. 
Molecular  formula,  determination 

of,  32. 

—  quantity,  26, 

—  weight,  25. 
Molecule,  24. 

Multiple  proportions,  law  of,  4. 
N. 

Neumann,  49. 
Newlands,  136. 

Nitric  acid  prepared  by  distilla- 
tion, 105. 

O. 

Osmosis,  116,  120. 
Ostwald,  97. 

P. 

Perfect  gases,  17. 
Periodic  system,  135. 
Phenolphthalein,  123. 
Photo-chemical  extinction,  131. 

—  induction,  132. 

Physical  state,  change  of,  loi,  108. 
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Plasmolysis,  120. 
Polarized  light,  rotation  of,  36. 
Predisposing  affinities,  81. 
Pressure,  influence  on  equilibrium, 

99,  "4. 
Pringsheim,  ia8. 
Prout,  4,  141. 


Ramsay,  143. 

Eare  earths,  spectra  of,  129. 
Payleigh,  142. 

Reaction,  exo-  and  endothermic,  53. 

—  heat  of,  53,  56. 

—  reversible,  95. 
Refractive  index,  use  of,  97. 
Rp.gnault,  19. 

Relative  element,  2. 

S. 

Saturated  compounda,  41, 

—  solutions,  113. 
Semi-permeable  membrane,  1 16. 
Simultaneous  reactions,  81. 
Sodium  nitrate  not  used  for  gun- 
powder, III. 

Solar  spectrum,  130. 
Solubility,  measure  of,  114,  115. 
Solution,  113. 

—  heat  of,  1 14. 

Sound,  velocity  of,  in  gases,  31. 
Specific  gravity  and  atomic  weight, 
138. 

—  heats,  abnormal,  47. 
 of  compounds,  49. 


Specific  volumes,  use  of,  97. 

Spectrum  analysis,  128, 

Stability  and  heat  of  forroation,  63. 

Status  nascendi,  81. 

Stohmann,  72. 

Structural  formula,  34. 

Substitution,  14. 

Sugar,  osmotic  pressure  of,  117. 

Sulphur,  vapour  density  of,  23. 

Supersaturation,  113. 

Symmetry,  planes  of,  3. 


Tartaric  acid,  37. 

Temperature,  influence  of,  97,  98, 

Thermo-neutrality,  law  of,  65,  126. 
Thomsen,  J.,  61,  65,  72,  80,  97. 
Transformation  point,  107. 


Valency,  41,  139. 

Vapour  density,  measurement  of, 
19. 

—  pressure,  lowering  of,  119. 
de  Vries,  120. 

W. 

Water  formed  from  its  ions,  127. 
Watt,  104,  108. 


Zeuner,  136. 
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A  Text-Book  of  Zoology.  By  G.  P.  Mudge,  A.R.C.Sc.  Lend., 

Lecturer  on  Biology  at  the  London  School  of  Medicine  for  Women, 
With  about  150  Illustrations.    Crown  Svo,  7^.  6d. 

Psychology  for  Teachers.    By  C.  Lloyd  Morgan,  F.R.S., 

Prmcipal  of  University  College,  Bristol.  Crown  Svo,  cloth,  6d. 
Sixth  Edition..  '         >  a 
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MATHEMATICS. 
A  New  Arithmetic  for  Schools.   By  J.  P.  Kirkman,  M.A., 

and  A.  E.  Field,  M.A.,  Assistant-masters  at  Bedford  Grammar  School. 
Crown  8vo,  cloth,  3J.  6d. 

The  Elements  of  Euclid,  Books  I-VI  and  XI.    By  R. 

Lachlan,  Sc.D.,  formerly  Fellow  of  Trinity  College,  Cambridge.  With 
alternative  Proofs,  Notes,  Exercises,  all  the  Standard  Theorems,  and 
a  large  collection  of  Riders  and  Problems.  500  pages.  Crown  8vo, 
cloth,  45.  6d. 

THE  FOLLOWING  EDITIONS  ARE  NOW  READY: 
Book  I.   14s  pages,  1  J.  Books  I-IV.   346  pages,  3^. 

Books  I  and  U.    180  pages,  ij.  (jd.       Books  III  and  IV.    164  pages,  is. 
Books  I-UI.   304  pages,  2s.  6d.  Books  I-VI  and  XI.   500  pages,  4J.  6d. 

Books  IV-VI.   2S.  6d.       Book  XI.  is. 

A  First  Geometry  Book.  A  Simple  Course  of  Exercises  based 
on  Experiment  and  Discovery,  introductory  to  the  study  of  Geometry. 
By  J.  G.  Hamilton,  B.A.,  Lecturer  on  Geometry  at  the  Froebel 
Educational  Institute ;  and  F.  Kettle,  B.A.,  Headmaster  of  Clapham 
High  School  for  Boys.  Crown  8vo,  fully  illustrated,  cloth,  ij.  Answers 
(for  Teachers  only),  6d. 

Algebra.  Part  I,  '  The  Elements  of  Algebra,'  including  Quadratic 
Equations  and  Fractions.  By  R.  Lachlan,  Sc.D.,  formerly  Fellow  of 
Trinity  College,  Cambridge.  Crown  Svo,  cloth,  with  or  without  Answers, 
2S.  6d.    Answers  separately,  is. 

Algebra  for  Beginners.    By  J.  K.  Wilkins,  B.A.,  and  W. 

HOLLINGSWORTH,  B.A.  In  Three  Parts,  carrying  the  pupil  as  far  as 
Quadratic  Equations.  Part  I,  ^d. ;  Part  II,  ^d. ;  Part  III,  M.  Answers 
to  Parts  I-III,  in  one  volume,  6d. 

The  Mercantile  Arithmetic.     A  Text-Book  of  Principles, 

Practice,  and  Time-Saving  Processes.  By  Richard  Wormell,  D.Sc, 
M.A.,  late  Headmaster  of  the  Central  Foundation  Schools  of  London, 

Part  I.    Cloth,  2S.  I  Parts  I  and  II  together.   3*.  6d. 

Part  II.    Cloth,  25.  I  Complete  with  Answers.  \s. 

Answers  only.  is. 

An  Elementary  Treatise  on  Practical  Mathematics.  By 

John  Graham,  B.A.,  Demonstrator  of  Mechanical  Engineering  and 
Applied  Mathematics  in  the  Technical  College,  Finsbury.  Crown  Svo, 
cloth,  y.  6d. 

The  Calculus  for  Engineers.    By  John  Perry,  M.E.,  D.Sc, 

F.R.S.,  Professor  of  Mechanics  and  Mathematics  in  the  Royal  College  of 
Science,  Vice-President  of  the  Physical  Society,  Vice-President  of  the 
Institution  of  Electrical  Engineers,  &c.  Fifth  Edition.  Crown  Svo, 
cloth,  7j.  6d. 

The  Balancing  of  Engines.  By  W.  E.  Dalby,  M.Inst.C  E., 
M.I.M.E.,  Professor  of  Mechanical  Engineering  at  the  Technical  College, 
Finsbury.    Fully  Illustrated.    Demy  Svo,  10s.  6d.  net. 
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THE  LONDON  SCHOOL  ATLAS. 

Edited  by  H.  O.  Arnold-Forstbr,  M.P.,  Author  of  "The  Citizen 
Reader,"  "This  World  of  Ours,"  etc.  A  magnificent  Atlas,  including 
48  pages  of  Coloured  Maps,  several  of  them  double-page,  and  Pictorial 
Diagrams.  With  an  Introduction  on  the  Construction  and  Reading  of 
Maps  by  A.  J.  Hkrbertson,  Ph.D. 

Among  the  notable  features  of  this  Atlas  are  :  (1)  The  Specimens  of 
Ordnance  Surveys  and  Admiralty  Charts  ;  (2)  the  lucid  Astronomical 
Diagrams ;  (3)  the  beautifully-coloured  Physical  Maps ;  (4)  the  careful 
selection  of  names  without  overcrowding  ;  (5)  the  constant  presentation  of 
uniform  scales  for  comparison  ;  (6)  a  Historical  Series  of  Maps  illustrating 
the  Building  of  the  British  Empire  ;  (7)  an  excellent  Map  of  Palestine. 

The  size  of  the  Atlas  is  about  12  by  9  inches,  and  it  is  issued  in  the 
following  editions : 

Stout  paper  wrapper,  with  cloth      Cloth  cut  flush,  28.  6d. 

strip  at  back,  Is.  6d.  Limp  cloth,  3s. 

Paper  boards,  2s.  Cloth  gilt,  bevelled  edges,  3s.  6d. 


A  MANUAL  OF  PHYSIOGRAPHY. 

By  Andrew  Herbertson,  Ph.D.,  F.R.G.S.,  Assistant  to  the  Reader  in 
Geography  at  the  University  of  Oxford.  Pully  Illustrated.  Cloth, 
4s.  6d. 

Arnold's  New  Shilling-  Geography. 

The  World,  with  special  reference  to  the  British  Empire.  160  pp. 
Crown  8vo.,  cloth.  Is. 

The  New  Zealand  Colony. 

Its  Geography  and  History.  With  Illustrations  and  a  Coloured  Map. 
Cloth,  Is. 

The  Australian  Commonwealth. 

Its  Geography  and  History.  A  reading  book  for  Schools.  144  pages. 
With  Illustrations  and  Coloured  Map     Cloth,  Is. 

This  book  has  been  written  by  an  Australian,  and  the  illustrations  consist  of  ro- 
productions  from  photographs  and  from  di-awings  made  by  an  artist  who  has  spent 
many  years  in  Australia. 

A  Historical  Geography, 

By  the  late  Dr.  Morrison.  New  Edition,  revised  and  largely  re- 
written by  W.  L.  Carbik,  Headmaster  at  George  Watson's  College, 
Edinburgh.    Crown  8vo.,  cloth,  3b.  6d. 

The  Shilling  Geography. 

By  the  late  Dr.  MoRRisoN.  New  Edition,  revised  by  W.  L.  Carrie 
Small  crown  8vo.,  cloth,  Is. 
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ARNOLD'S  SCHOOL  SHAKESPEARE. 

A  series  containing  all  the  plays  usually  adopted  for  use  in  schoolB,  care- 
fully and  thoroughly  edited  with  a  view  to  the  requirements  of  young 
students.  The  introductions  are  lucid  and  practical ;  the  notes  explain  all 
obscure  passages  and  words  ;  there  is  an  adequate  biography  of  Shakespeare 
in  each  volume,  and  a  set  of  Examination  Questions  on  the  Play  is  given 
at  the  end.  Mr.  J,  Chueton  Collins,  M.A.,  is  the  General  Editor  of 
the  Series,  assisted  by  Special  Editors  for  the  different  plays. 

Price  Is.  3d.  each. 

Macbeth.  By  R.  F.  Cholmklet, 
M.A.,  AjBsifltant  Master  at  8.  Paul's 
School. 


Twelfth  Night. 

LEY,  M.A. 


By  R,  F.  Cholme- 


Julius  Caesar.    By  E.  M.  Butleb, 

B.A.,  AssiBtant  Master  at  Harrow 
School. 

Midsummer  Night's  Dream.  By 

E.  Beimley  Jounson,  Editor  of  Jane 
Austen's  Novels,  etc. 

The  Merchant  of  Venice.  By  0.  H. 

Gibson,  M.A.,  late  Assistant  Master  at 
Merchant  Taylors'  School. 

Lecturer  on  Modern  Languages  in 
6d.  each. 

Eichard  III.  By  F.  P.  Babnaed, 
M.A.,  late  HeacGmaster  of  Reading 
School 

Zing_ John ,  By  F.  P.  Babnabd,  M.  A. 
Coriolanus.   By  R.  F.  Cholhelet, 

M.A. 

Professor  of  English  Literature  at 


As  You  Like  It.  ByS.  E  Winbolt, 
B.A.,.  Assistant  Master  at  Christ's 
Hospital. ' 

The  Tempest.   By  W.  E.  Ukwiok, 
Durham  University. 

Price  Is. 

King  Lear.    By  the  Rev.  D.  C. 

TovEY,  M.A.,'late  Assistant  Master  at 
Eton  College.' 

Richard  II.  ByC.  H.  Gibson,  M.A. 

Henry  V.  By  S.  E.  Winbolt,  B.A. 

Hamlet.    By  W.  Hall  Geiffin, 
Queen's  College,  London. 

ARNOLD'S  BRITISH  CLASSICS  FOR  SCHOOLS. 

Issued  under  the  General  Editorship  of  J.  Chueton  Collins,  M.A, 
This  series  has  been  undertaken  with  the  same  objects  as  the  series  of 
plays  in  Arnold's  School  Shakespeare,  and  the  Introductions  and  Noteo 
have  been  regulated  by  the  same  general  principles.  It  is  designed  for 
the  use  of  those  who  are  encouraged  to  study  the  great  poets  liberally — 
rather,  that  is  to  say,  from  a  literary  and  historical  point  of  view,  than 
from  the  grammatical  and  philological  side.  At  the  same  time,  it  will, 
we  hope,  be  found  to  contain  all  the  information  required  from  junior 
students  in  an  ordinary  examination  in  English  literature, 

The  Lay  of  the  Last  Minstrel.  By 

6.  TowNSEND  Warner,  M.A.    Is.  3d. 


Paradise  Lost,  Books  I.  and  II.  By 
J.  Saroeaunt,  M.A.,  Assistant  Master 
at  Westminster  School.    Cloth,  Is.  8d. 

Paradise  Lost,  Books  III.  and  IV. 
By  J.  Saroeaunt,  M.A.    Is.  3d. 

Marmion.  By  G.  Townsend 
Warner,  M.  A.,  JPeUow  of  Jesus  College, 
Cambridge,  and  Assistant  Master  at 
Harrow  School.   Cloth,  Is.  6d. 

Macaulay's  Lays  of  Ancient  Borne. 

Assistant  Master  at  Winchester  College. 


The  Lady  of  the  Lake.    By  J. 

Marshall,  M.A.,  Rector  of  the  Royal 
High  School,  Edinburgh.  Cloth,  Is.  6d. 

Childe  Harold.    By  the  Rev.  E.  C. 

EvERARD  Owen,  M.  A.,  Assistant  Master 
at  Harrow  School.    Cloth,  2s. 

By  R.  L.  A.  Dd  Pontet,  M.A., 
Cloth,  Is.  6d. 
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a  first  course  in  english  literature.  by 

RiLiiAKD  Wilson,  B.A.    M4  pages.    Grown  Svo.,  pnco  Is. 

A    FIRST    COURSE   IN    ENGLISH  ANALYSIS  AND 

GRAMMAR.  By  Ricuard  Wilson,  B.A.,  Author  of  "Arnolds  Langua^'u 
Lessons."    144  pages.    Crown  8vo.,  cloth.  Is. 

LITERARY  READING  BOOKS. 

IN   GOLDEN  REALMS.    An  English  Reading  Book  for  Junior 

Forms.    224  pages.    Crown  8vo.,  cloth.  Is.  3d.  ,  ^         ^       •  4 

Designed  to  form  an  introduction  to  the  study  of  Enghsh  literature.  Containing 
folk-tiles  from  various  sources,  stories  from  Homer,  VirgU,  the  Beowulf  poem, 
Chaucer,   Malory,  Froissart,  Spenser,   Shakespeare,  etc.,  etc.    Illustrated  witn 
beautiful  black-and-white  reproductions  of  twelve  famous  paintings. 
IN  THE  WORLD  OF  BOOKS.     An  EngUsh  Reading  Book  for 

Middle  Forms.    256  pages.    Crown  8vo.,  cloth,  Is.  6d. 
Containing  interesting  extracts,  generally  nan-ative,  from  the  leading  writers  ol 
prose  and  poetry  from  Cadmon  and  Bede  to  Thackeray  and  Tennyson,  an-anged  in 
chronologfical  order.    Ulustrated  in  a  manner  similar  to  the  above. 
THE  GREENWOOD  TREE.    A  Book  of  Nature  Myths  and  Verses. 

2:24  pages.    Illustrated,  Is.  3d. 
LAUREATA.    Edited  by  Riohabd  Wilson,  B.A.    Crown  8vo.,  cloth, 

Is.  6d.    Beautifully  printed  and  tastefully  bound. 
A  collection  of  gems  from  the  best  poets  from  Shakespeare  to  Swinburne. 

TELLERS  OF  TALES.    Edited  by  RicHABD  Wilson,  B.A.  Crown 

Svo.,  cloth.  Is.  6d. 

Biogi-aphies  of  some  English  novelists,  with  Extracts  from  their  works. 

LATIN. 

THE  FABLES  OF  ORBILIUS.   By  A.  D.  Godlby,  M.A.,  Fellow 

of  Magdalen  College,  Oxford.  With  humorous  Illustrations.  Crown  Svo., 
cloth.  Book  I.,  9d.  ;  Book  II.,  Is. 

VIRGIL— iENEID.    Books  I.,  II.,  and  III.    The  New  Oxford  Text, 

by  special  permission  of  the  University.  Edited,  with  Introduction  and  Notes, 
by  M.  T.  Tatham,  M.A.    Crown  Svo.,  cloth,  ls.^6d.  each. 

A  FIRST  LATIN  COURSE.  Containing  a  Simple  Grammar,  Pro- 
gressive Exercises,  Elementary  Rules  for  Composition,  and  Vocabularies.  By 
G.  B.  Gakdiner,  M.A.,  D.Sc,  and  A.  Gardiner,  M.A.   vlii+227  pages.  28, 

A  Key,  on  Teachers'  direct  order  only,  2s.  net. 

A  SECOND  LATIN  READER.    With  Notes  and  Vocabulary.  By 

George  B.  Gardiner,  M.A.,  D.Sc,  and  Audrew  Gardiner,  M.A.    Cloth,  Is.  (id. 

FORUM  LATINUM.  A  First  Latin  Book.  By  E.  Vebnon  Arnold, 
Litt.D.,  Professor  of  Latin  at  the  University  College  of  North  Wales.  In 
three  parts.    Is.  4d.  each.    Complete,  3s.  6d. 

CffiSAR'S  GALLIC  WAR.    Books  I.  and  II.    Edited  by  T.  W. 

Haddon,  M.A.,  Second  Classical  Master  at  the  City  of  London  School,  and  G.  0. 

Harrison,  M.A.,  Assistant-Master  of  Fottes  College.   With  Notes,  Maps,  Plans, 

Illufltrationa,  Helps  for  Composition,  and  Vocabulary.    Cloth,  la.  6d. 
Books  III.-V.   Edited  for  the  use  of  Schools  by  M.  T.  Tatham,  M.A.   Uniform  with 

Books  I.  and  II.   Grown  8vo.,  oloth,  la.  Od. 
Books  VI.  and  VII.    By  M.  T.  Tatham,  M.A.   Uniform  with  Books  III.-V.    la.  6d. 

A  LATIN  TRANSLATION  PRIMER.  With  Grammatical  Hints, 
Exercises  and  Vocabulary.  By  Georok  B.  Gardiner,  Assistant-Master  at  tho 
Edinburgh  Academy,  and  Andrew  Gakdiner,  M.A.    Crown  8vo.,  cloth,  la. 
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GERMAN. 

EASY  GERMAN  TEXTS.    For  pupils  who  have  ac(|uired  a  biinple 

yocabulai-y  and  tho  oloirionts  of  German.  Edited  by  Wai/ikic  Hii-I'mann,  M.A., 
Irofossor  of  Gorman  at  Quoen'a  College,  London.  With  exercises  on  the  text 
and  a  list  of  tlio  strong  and  irregular  verbs.  Small  crown  Svo.,  cloth.  Is.  3d. 
each. 

ANDERSEN'S  BILDERBUCH  OHNE  BILDER  (What  the  Moon  Saw). 
PRINZESSIN  ILSE.    By  Maiuk  Petersen. 

GERMAN  WITHOUT  TEARS.    By  Mrs.  Hugh  Bell.    A  version 

in  German  of  the  author's  very  popular  "French  Witliout  Tears."  With  the 
original  illustrations.    Crown  8vo.,  cloth, 

Part  I.,  9d.         Part  II.,  Is.         Part  III.,  Is.  3d. 

LESSONS  IN  GERMAN.  A  graduated  German  Course,  with 
Exercises  and  Vocabulary,  by  L.  Innks  Lumsdkn,  late  Warden  of  University  Hall, 
St.  Andrews.   Grown  8vo.,  8s. 

EXERCISES  IN  GERMAN  COMPOSITION.  By  Riohabd  Kaiber, 

Teacher  of  Modern  Languages  in  the  High  School  of  Glasgow.  Including  care- 
fully graded  Exercises,  Idiomatic  Phrases,  and  Vocabulary.  Crown  8to.,  cloth. 
Is.  6d. 

KLEINES  HAUSTHEATER.    Fifteen  little  Plays  in  German  for 

Oiiildren.   By  Mrs.  Hugh  Bell.    Grown  8vo.,  cloth,  28. 

GERMAN  DRAMATIC  SCENES.  By  0.  Abel  MosaBAVK.  With 

Notes  and  Vocabtdary.  Crown  8vo.,  cloth,  28.  6d. 


FRENCH. 

ELEMENTS   OF   FRENCH   COMPOSITION.    By  j:  Home 

Cameron,  M.A,,  Lecturer  in  French  in  University  College,  Toronto,  Cauada. 
viii+196  pages.    Crown  8vo.,  cloth,  2s.  6d. 
The  central  idea  of  this  book  is  to  practise  the  student  in  the  use  of  French  idioms 
by  means  of  English  exercises  closely  based  on  French  originals,  but  varied  suffi- 
ciently to  ensure  that  the  nature  of  the  idiom  is  clearly  understood  in  each  case. 

MORCEAUX  CHOISIS.  French  Prose  Extracts.  Selected  and  Edited 
by  R.  L.  A.  Du  Pontet,  M.A.,  Assistant  Master  in  Winchester  College.  The 
extracts  are  classified  under  the  following  headings  :  Narrations,  Descriptions, 
Genre  Didactique,  Style  Oratoire,  Biographie,  Style  Epislolaire,  Anecdotique,  Comedie. 
Explanatory  Notes  and  Short  Accounts  of  the  Authors  cited  are  given.  Crown 
8vo.,  cloth.  Is.  6d. 

POEMES  CHOISIS.  Selected  and  Edited  by  R.  L.  A,  Du  Pontet,  M.A. 
Cloth,  Is.  6d. 

LES  FRANCAIS  EN  MENAGE.    By  Jbtta  S.  Wolff.  With 

Illustrations.  Crown  8vo.,  cloth,  Is.  6d.  An  entirely  original  book,  teaching 
the  ordinary  conversation  of  family  life  in  France  by  a  series  of  bright  and 
entertaining  scenes. 

LES  FRANCAIS  EN  VOYAGE.    By  Jetta  S.  Wolff.    A  com- 

panion  volume  to  the  preceding,  giving  a  lively  account  of  travelling  on  the 
continent.    Cleverly  illustrated.    Crown  Svo.,  cloth.  Is.  Od. 

FRANCAIS  POUR  LES  TOUT  PETITS.    By  Jetta  S.  Wolff. 

With  Illustrations  by  W.  Foster.    Cloth,  Is.  3d. 

LES  FRANCAIS  D'AUTREFOIS.    Stories  and  Sketches  from  the 

History  of  France.    By  Jutta  S.  WulfI'.    Cloth,  Is.  3d. 

FRENCH  DRAMATIC  SCENES.   By  0.  Abel  Musgiuve.  With 

Notes  and  Vocabulary.  Crown  8vo.,  cloth,  28. 
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FRENCH. 

FRENCH  WITHOUT  TEARS.     A  graduated  Series  of  French 

Reading  Books,  carefully  arranged  to  suit  the  requirements  of  quite  young  cmi- 

dron  beginning  French.    With  Humorous  lUustrations,  Notes,  and  Vocabulary. 

By  Mrs.  Hugh  Bell,  author  of  "  Le  Petit  TMitre  Frangais."   Crown  8vo.,  cloth, 
Book  I.,  9d.         Book  II.,  Is.         Book  III.,  Is.  3d. 
A  FIRST  FRENCH  COURSE.    Complete,  with  Grammar,  Exercises 

and  Vocabulary.   By  Jambs  Boiellb,  B.A.  (Univ.  GaU.),  Senior  French  Master  at 

Dulwich  College,  etc.    Crown  8vo.,  cloth,  Is.  6d. 
A  FIRST  FRENCH  READER.    With  Exercises  for  Ee-translation. 

Edited  by  W.  J.  Greenstrekt,  M.  A.,  Head  Master  of  the  Marling  School,  Stroud. 

Crown  8vo.,  cloth,  Is. 

FRENCH  REVOLUTION  READINGS.    Edited,  with  Notes, 

Introduction,  Helps  for  Composition  and  Exercises.  By  A.  Jamson  Smith,  M.  A., 
Head  Master  of  King  Edward's  School,  Camp  Hill,  Birmingham ;  and  C.  M.  Dix, 
M.A.,  Assistant  Master  at  the  Oratory  School,  Birmingham.  Crown  Svo.,  cloth,  2s. 

SIMPLE  FRENCH  STORIES.    An  entirely  new  series  of  easy  texts, 
with  Notes,  Vocabulary,  and  Table  of  Irregular  Verbs,  prepared  under  the  General 
Editorship  of  Mr.  L.  VoniGlehn,  Assistant  Master  at  Perse  School,  Cambridge. 
About  80  pages  in  each  volume.    Limp  cloth,  9d. 
Un  Drame  dans  les  Airs.  By  Jules     Un  Anniveraaire  a  Londres,  and  two 
Verne.    Edited  by  I.  G.  Lloyd-Jones,         other  stories.  By  P.  J.  Stahl.  Edited 
B.A.,  Assistant  Master  at  Cheltenham        by  C.  E.  B.  Hewitt,  M.A.,  Assistant 
College.  Master  at  Marlborough  College. 

'i'^;ib^^?^r%^frr"  i  ""Rut^^A^ri/LS'TditeS 

Edited  by  W.  M.  Poole,  M.  A.,  Lecturer  I  ^  j^.^^  leaky,  Assistant  Mistress  at 
m  French  to  the  Channel  Squadron.      j      ^.^^  ^^jg,  High  School,  Sheffield. 

La  Petite  SourisGrise;  andHistoire  i  Fouoinet,  and  two  other  tales.  By 
de  Rosette.  By  Madamb  de  S^qur.  Bdouard  Laboulatk.  Edited  by  W.  M. 
Edited  by  Blanche  Daly  Cocking.       [      Poole,  M.A. 

GIL  BLAS  IN  THE  DEN  OF  THIEVES.  Arranged  from  Le  Sage. 
With  Notes  and  Vocabulary  by  R.  de  Blanchaud,  B.A.,  Assistant  Master  at 
George  Watson's  Ladies  College.    Limp  cloth,  crown  Svo.,  9d. 

  _      [Uniforrmoith  the  above  series. 

L'APPRENTI-    By  Emile  Souvestre.    Edited  by  C.  F.  Hkbdkneb, 

French  Master  at  Bcrkhamsted  School.    Crown  Svo.,  clotli.  Is. 

RICHARD  WHITTINGTON.   By  Madame  Eugenie  Foa.  And 
UN   CONTE  DE  L'ABBE  DE  SAINT-PIERRE.     By  Emile  Souvkstrk. 
Edited  by  C.  F.  Herdenee.    Crown  Svo.,  cloth.  Is. 
The  feature  of  these  two  volumes  is  that  in  addition  to  the  notes  and  vocabulary 

there  is  a  set  of  exercises,  chiefly  in  the  form  of  questions  and  answers  in  French 

raodelled  upon  the  text  of  the  narrative.   This  innovation  promises  to  prove  very 

popular. 

The  following  volumes  are  all  carefully  prepared  and  annotated  by  such  well-known 
ciitors  as  Messrs.  F.  Tarver,  J.  Bo'Ielle,  etc.,  and  will  be  found  thoroughly  adapted 
for  school  use. 

JULES  VERNE-VOYAGE  AU  CENTRE  DE  LA  TERRE.  3s. 
ALEXANDRE  DUMAS-LE  MASQUE  DE  PER.  :5s. 
ALEXANDRE  DUMAS-VINGT  ANS  APRES.  3s. 
FRENCH  REVOLUTION  READINGS.  3s. 
P.  J.  STAHL-  MAROUSSIA.  lis. 

EMILE  RICHEBOURG-LE  MILLION  DU  PERE  RACLOT.  is. 
H.  de  BALZAC  -UNE  TENEBREUSE  AFFAIRE.  2s. 
VICTOR  HUGO-QUATRE-VINGT  TREIZE.  3s. 
ALEXANDRE  DUMAS -MONTE  CRISTO.  3s. 
HENRI  GREVILLE-PERDUE.  3s. 


LONDON  :  EDWARD  ARNOLD. 

(    5  ) 


Arnold's  School  Series. 


MATHEMATICS. 

The  Elements  of  Geometry.  By  ll.  Lachlan,  Sc.D.,  formerly 
Fellow  of  Trinity  College,  Cambridge,  and  W.  C.  Flktchkk,  M.A., 
Chief  Inspector  of  Secondary  Schools.  With  about  750  Exercises 
and  Answers.    Cloth,  2s.  6d. 

Plane  Geometry.  Adapted  to  Heuristic  Methods  of  Teaching,  By 
T.  Petoh,  B.A.,  B.So.  Lecturer  in  Mathematics,  Leyton  Technical 
Institute.    Cloth,  Is.  6d. 

A  New  Arithmetic  for  Schools.   By  J,  P.  Kirkman,  M.A.,  and 

A.  E.  Field,  M.A.,  Assistant-masters  at  Bedford  Grammar  School. 
Crown  8vo.,  cloth,  3s.  6d. 

The  Elements  of  Euclid-  By  R.  Lachlan,  Sc.D.  With  alternative 
Proofs,  Notes,  Exercises,  all  the  Standard  Theorems,  and  a  large 
collection  of  Riders  and  Problems. 

THE  FOLLOWING  EDITIONS  ABE  NOW  READY. 
Book  I.   145  pages,  la.  Books  I.— IV.   346  pages,  3s. 

Books  I.  and  II.   180  pages,  Is.  6d.       Books  III.  and  rv.   164  pages,  28. 
Books  I.— m.  304  pages,  2s.  6d.  Books  L—VL  and  XI.  500  pages.  48. 6d. 

Books  IV.— VI.   2s.  6d.      Book  XI.  Is. 

Mensuration.  By  K.  W.  K.  Edwards,  M.A.,  Lecturer  on 
Mathematics  at  King's  College,  London.    Cloth,  3s.  dd. 

Elementary  Geometry.  By  W.  0.  Fletcher,  M.A.,  Chief 
Inspector  of  Secondary  Schools.    Crown  8vo.,  cloth,  Is.  6d. 

A  First  Geometry  Book.  By  J.  G.  Hamilton,  B.A.,  Lecturer  on 
Geometry  at  the  Froebel  Educational  Institute;   and  F.  Kettle, 

B.  A.,  Headmaster  of  Clapham  High  School  for  Boys.  Crown  8vo,, 
fully  illustrated,  cloth.  Is.    Answers  (for  Teachers  only),  6d. 

Exercises  in  Arithmetic  (Oral  and  Written).    Parts  I.  and  II.  By 

C.  M.  Taylor  (Mathematical  Tripos,  Cambridge),  Wimbledon  High 
School.    Cloth,  Is.  6d.  each. 

Algebra.  Part  I.,  "  The  Elements  of  Algebra,"  including  Quadratic 
Equations  and  Fractions.  By  E.  Laohlan,  So.D.,  formerly  Fellow 
of  Trinity  College,  Cambridge.  Grown  8vo.,  cloth,  with  or  without 
Answers,  2s.  6d.    Answers  separately.  Is. 

Algebra  for  Beginners.  By  J.  K.  Wilkins,  B.A.,  and  W. 

Hollingswobth,  B.A.  In  Three  Parts,  carrying  the  pupil  as  far  as 
Quadratic  Equations.  Part  I.,  4d.  ;  Part  II.,  4d. ;  Part  III.,  6d. 
Answers  to  Parts  I. -III.,  in  one  vol.,  6d. 

Vectors  and  Rotors.  With  Applications.  Being  Lectures  delivered 
at  the  Central  Technical  College.  By  Professor  0.  Henrioi,  F.R.S. 
Edited  by  G.  C.  Turner,  Goldsmith  Institute.    Crown  8vo.,  4s.  6d. 

An  Elementary  Treatise  on  Practical  Mathematics.  By  John 
Graham,  B.A.,  Demonstrator  of  Mechanical  Engineering  and  Applied 
Mathematics  in  the  Technical  College,  Finsbury.  Or.  8vo.,  cloth,  3s.  6d. 

The  Calculus  for  Engineers.  By  John  Perry,  M.E.,  D.Sc, 
F.R.S,,  Professor  of  Mechanics  and  Mathematics  in  the  Royal 
College  of  Science.    Fifth  Edition.    Crown  8vo.,  cloth,  7s.  6d. 
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SOIENOE. 

The  Elements  of  Inorg-anic  Chemistry.   For  use  in 

Schools  and  Colleges.    By  W.  A.  Shenstonk,  F.R.S.,  Lecturer  in 
Chemistry  at  Clifton  College.    With  nearly  150  Illustrations  and  a 
Coloured  Table  of  Spectra,    xii  +  506  pages.  Crown  8vo.,  cloth,  4s.  6d. 
A  Course  of  Practical  Chemistry.  By  W.  A.  Shenstone.  Cloth,  is.  6d. 

Electric  and  Magnetic  Circuits.   By  E.  H.  Crapper, 

M.I.E.E.,  Head  of  the  Electrical  Engineering  Department  in 
University  College,  Sheffield.    Demy  8vo.,  10s.  6d.  net. 

Electricity  and  Magnetism.   By  C.  E.  Ashford,  M.A., 

Head  Master  of  Osborne  Royal  Naval  College,  late  Senior  Science 
Master  at  Harrow  School.  With  over  200  Diagrams.  Crown  8vo., 
cloth,  3s.  6d, 

Magnetism  and  Electricity.  By  J.  Paley  Yorke,  of  the 

Northern  Polytechnic  Institute,  HoUoway.    Crown  8vo.,  cloth,  Ss.  6d. 

A  First  Year's  Course  of  Experimental  Work  in 

Chemistry.  By  E.  H.  Cook,  D.So.,  F.I.C.  ,  Principal  of  the  Clifton 
Laboratory,  Bristol.    Crown  8vo.,  cloth.  Is,  6d. 

Physiology  for  Beginners.  By  Leonard  Hill,  M,B.  Is, 
Elementary  Natural  Philosophy.    By  Alfred  Earl, 

M.A.,  Senior  Science  Master  at  Tonbridge  School,  Crown  Svo.,  4s.  6d. 

Physical  Chemistry  for  Beginners.    By  Dr.  Van 

Dbvbntbb.  Translated  by  Dr,  R.  A.  Lehfeldt,  Professor  of  Physics 
at  the  East  London  Technical  College.    2s,  6d. 

The  Standard  Course  of  Elementary  Chemistry.  By 

E.  J.  Cox,  F.C.S.,  Headmaster  of  the  Technical  School,  Birmingham. 
In  Five  Parts,  issued  separately,  bound  in  cloth  and  illustrated.  Parts 
I,-rV,,  7d,  each  ;  Part  V,,  Is,    The  complete  work  in  one  vol.,  Ss, 

Physical  Determinations.  Laboratory  Instructions  for  the 
Determination  of  Physical  Quantities  connected  with  General 
Physics,  Heat,  Electricity  and  Magnetism,  Light  and  Sound.  By 
W.  R,  Kklskt,  B.So.,  A.I.E.E.    Crown  8Vo.,  cloth,  48.  6d, 

A  Text-Book  of  Physical  Chemistry.    By  Dr.  R.  A. 

Lhhfkldt,  Professor  of  Physics  at  the  East  London  Technical  College. 
With  40  Illustrations.    Crown  8vo.,  cloth,  7s.  6d, 

A  Text-Book  of  Zoology.   By  G,  P,  Mudge,  A,E,C.Sc, 

Lond.,  Lecturer  on  Biology  at  the  London  School  of  Medicine  for 
Women.    With  about  150  Illustrations.    Crown  8vo,,  7s.  6d, 

A  Class-Book  of  Botany.   By  G.  P.  Mudge,  A.R.C.Sc, 

and  A.  J.  Maslen,  F.L.S.,  Lecturer  on  Botany  at  the  Woolwich 
Polytechnic.    With  over  200  Illustrations.    Crown  8vo.,  7s.  6d. 

Psychology  for  Teachers.   By  C.  Lloyd  Morgan,  F.E.S., 

Principal  of  University  College,  Bristol.    Crown  8vo.,  cloth,  Sa.  6d. 
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HISTORY. 

A  History  of  England.   By  C.  W.  Oman,  M.A.,  Fellow  of 

All  Souls'  College,  Oxford.  Fully  furniBhed  with  Maps,  Plans  of  the 
Principal  Battlefields,  and  Genealogical  Tables.  760  pages.  Ninth 
and  Enlarged  Edition  (to  end  of  South  African  War).  Crown  8vo., 
cloth,  5s. 

Special  Editions,  each  volume  containing  a  separate  index. 
In  Two  Parts,  3s.  each  :  Part  I.,  from  the  Earliest  Times  to  1603  ; 
Part  II..  from  1603  to  1902. 

In  Three  Divisions  :  Division  I.,  to  1307,  2s.  ;  Division  II.,  1307 
to  1688,  2s. ;  Division  III.,  1688  to  1902,  2s.  6d. 
*,*  In  ordering  please  state  the  period  required,  to  avoid  confusion. 

Questions  on  Oman's  Histopy  of  England.   By  R.  H. 

BooKEY,  M.A.    Crown  8vo.,  cloth,  Is. 

A  Synopsis  of  English  History.  By  C.  H.  Eastwood, 

Headmaster  of  Redheugh  Board  School,  Gateshead.  28. 

This  useful  little  book  is  based  upon  Mr.  Oman's  "  History  of 
England,"  but  can  be  used  with  any  other  text-book.  It  is  designed 
upon  an  original  plan,  and  will  be  found  a  valuable  help  in  the  study 
of  history. 

Seven  Roman  Statesmen.    A  detailed  Study  of  the 

Gracchi,  Cato,  Marius,  Sulla,  Pompey,  Csesar.  Illustrated  with 
reproductions  of  Roman  Coins  from  the  British  Museum.  By  C.  W, 
Oman.    About  320  pages.    Crown  8vo. ,  cloth,  6s. 

England  in  the  Nineteenth  Century.   By  C.  W.  Oman, 

M.A.,  Author  of  "A  History  of  England,"  etc.  With  Maps  and 
Appendices.  Revised  and  Enlarged  Edition.  One  vol.,  crown  8vo., 
3s.  6d. 

Morning  Post. — "One  finds  clearness  of  statement,  simplicity  of  style,  genera 
soundness  of  historical  judgment,  impartiality,  as  well  as  a  notable  spirit  of  patriotism, 
which  loves  to  dwell  on  the  greatness  and  glory  of  our  Empire  at  home  and  abroad.' 

English  History  for  Boys  and  Girls.  By  E.  S.  Symes, 

Author  of  "  The  Story  of  Lancashire,"  "The  Story  of  London,"  etc. 
With  numerous  Illustrations.    One  vol.,  2s.  6d. 

Lessons  in  Old  Testament  History.   By  the  Venerable 

A.  S.  AOLKN,  Archdeacon  of  St.  Andrews,  formerly  Assistant  Master  at 
Marlborough  College.  450  pages,  with  Maps.  Crown  8vo. ,  cloth,  4s.  6d. 

Old  Testament  History.   By  the  Kev.  T.  C.  Fry,  Head- 
master of  Berkhamsted  School.    Crown  8vo.,  cloth,  2s.  6d. 


PATRIOTIC  SONG.   A  Book  of  English  Verse. 

Being  an  Anthology  of  the  Patriotic  Poetry  of  the  British  Empire  from 
the  Defeat  of  the  Spanish  Armada  until  the  Death  of  Queen  Victoria. 
Selected  and  arranged  by  Arthur  Stanley,  xxvii  i-  363  pagffl. 
Crown  8vo.,  2s.  6d. 
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